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Abstract
Government legislation on particulate matter (PM) and oxides of nitrogen (NOX )
emissions have become increasingly stringent over the past decades. Future projections
have led to internal combustion (IC)engine developers exploring advanced combustion
technologies which may replace or supplement current state of the art systems.
Advanced combustion technologies such as Low Temperature Combustion (LTC) cover
a broad series of mechanisms that seek to attain in-cylinder Equivalence ratio (φ) -
Temperature (T) combinations during combustion which lead to acceptable emissions
of exhaust PM and NOX . These are generally achieved by a combination of EGR
dilution and extended ignition delays for mixture preparation. Another common feature
of LTC is the poor combustion efficiency due to severe requirements placed on mixture
quality as lower temperatures and oxygen concentrations reduce local ignitability limits.
Therefore, a significant amount of work on LTC is centred around understanding the
spatial and temporal development of inadequately prepared mixtures during LTC. The
investigations presented in this thesis are expected to contribute to this body of work
as they are predicated on the hypothesis that current mixture preparation methods are
insufficiently adapted to conditions present in LTC combustion modes.
Experimental investigations were conducted in a 0.5l single cylinder research diesel
engine fully instrumented for emissions and performance indicators. A Design-Of-
Experiments (DOE) based investigation into fuel metering variables ( i.e. start of
injection, injection dwell and injection ratio) for a split injection highlighted the
potential to reduce EGR requirements for LTC by improving spatial and temporal
spacing of fuel packets. An investigation into fuel oxygenation effects on mixture
preparation and emissions via increased biodiesel content yielded varied results. Other
properties present within the biodiesel fuel were found to influence combustion in such a
way that the effects could not be completely uncoupled. Finally, a study was carried out
to investigate the effects of swirl ratio on LTC using optical endoscopes with the focus
placed on reducing HC emissions and the potential for improving mixing controlled
aspects of LTC at moderate EGR dilution levels. It was found that increased swirl
generation had the potential to improve premixing at highly dilute conditions but the
overall effect on smoke emissions was negative. HC emissions were shown to have a
complex relationship with swirl which was attributed to an inadvertent increase in rich
mixture pockets during late cycle mixing controlled combustion.
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Chapter 1
Introduction
1.1 Background
The rise in global energy consumption is largely attributed to the burgeoning economies
of highly populated developing countries as well as the sustained prosperity of their
first world counterparts. It has been reported that from 1990 to 2008 average energy
use per person increased by 10% even as world population increased 27% [16].
Currently, a large portion of this energy demand is met by fossil fuels (see Figure 1.1).
There are a number of key characteristics which make them desirable. These include
their high energy density, relatively inexpensive production costs and abundance have
catalysed the growth of industrial, commercial and transportation infrastructures in such
a way that fossil fuels are credited with bringing about ‘one of the most profound
social transformations in history’ [17]. Transport is of central importance to modern
industrial society; with over a billion motor vehicles globally, transportation energy
usage accounted for approximately 20% of the total global energy demand in 2008 [1].
Even as technical expertise in alternative energy sources matures, transitions in the
energy sector are very slow due to the considerable upheaval of interrelated processes,
methods and frameworks [18]. As a result there is increased motivation to manage the
demand for finite fossil fuel resources in the face of local environmental concerns and
global issues such as climate change.
Internal combustion engines running on fossil fuels are expected to remain the
predominant driver in the transportation sector for at least the next 30 years [19].
Consequently, governmental bodies have put in place legislation to regulate the
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FIGURE 1.1: left to right: Pie charts illustrating global dependency on fossil fuels,
energy spread showing the reach of the fossil fuel dependency and US spread on energy
sources for transportation [1].
emissions of harmful exhaust pollutants– in the process creating a plethora of seemingly
conflicting targets for engine developers. CO2 emission penalties and the increasing
cost of fuel at the pump have allowed the more efficient diesel engine a competitive
edge in the light duty sector despite its less favourable noise, vibration and harshness
(NVH) characteristics and increased bulk which have up till now confined it to
heavy duty (commercial, off-highway, marine) applications. Diesel engine powered
cars now account for more than half of total new car registrations in the European
Union [20].
Diesel combustion engines are characterised by high combustion temperatures, globally
lean conditions, low fuel volatility and high pressure direct fuel injection. As a result,
the production of oxides of nitrogen, or mono-nitrogen oxides (NOX ) and particulate
matter (PM) during the combustion process are considerably higher than in SI engines.
Whereas SI engines can run at stoichiometric or near stoichiometric mixture strengths,
a requirement for the use of a three-way catalyst to reduce tailpipe emissions, diesel
engines with oxygen rich exhaust streams are incapable of being paired with these
catalysts. Over the last few decades, the development of technologies such as Exhaust
Gas Recirculation (EGR), increased injection pressures, turbo-charging, enhanced
combustion chamber geometry and optimised injection strategies have helped to limit
pollutant emissions. However, despite these advances, the diesel engine is generally
unable to meet the most recent European emissions standards (see Figure 1.2) without
the use of complex and expensive after-treatment systems.
Currently, the most commonly employed after-treatment devices for diesel engines are
diesel oxidation catalysts (DOCs) for hydrocarbon control, diesel particulate filters
(DPFs) for PM control, and selective catalytic reduction (SCR) for NOX control. DPFs
require periodic regeneration to remove trapped PM with typical operating strategies
for DPF regeneration resulting in fuel economy penalties of between 1% and 3% [21].
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FIGURE 1.2: Increasingly stringent EU emissions limits over the years [2]
.
SCR devices require a continuous supply of Diesel Exhaust Fluid (DEF) that comprises
an aqueous solution of urea to operate, necessitating constant system monitoring and
periodic refilling to maintain DEF levels.
Gradual tightening of regulations combined with the expense, complexity and durability
issues in aftertreatment systems are driving a renewed emphasis on in-cylinder methods
to reduce the load on these components. Advanced diesel combustion concepts cover
a series of strategies aimed at controlling in-cylinder conditions in order to achieve
significant reductions in problematic PM and NOX emissions. These include, but
are not limited to, low temperature combustion (LTC), premixed compression ignition
(PCI), premixed charge compression ignition (PCCI), partially premixed compression
ignition (PPCI), reactivity controlled compression ignition (RCCI), homogeneous
charge compression ignition (HCCI), mixing controlled low temperature combustion
(MC-LTC). These combustion strategies are focussed around suppressing reaction
zone temperatures below the levels responsible for thermal NOX production while
simultaneously avoiding combinations of local equivalence ratio and temperatures
which lead to the formation of PM.
Research in advanced combustion techniques has made large strides in the last
decade [22–28] with the main challenges resolved to PM emissions-combustion
efficiency trade-off, poor HC and CO emissions performance, a narrow operating range
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and high pressure rise rates at moderate EGR levels [29]. MC-LTC in particular, is
recognised as a robust method of diesel LTC operation compared to other LTC concepts,
particularly with respect to ignition control, load limits, and combustion generated
noise [30].
The investigations carried out in this thesis are focussed on the hypothesis that
the excessive HC and CO emissions and relatively poor fuel efficiency commonly
associated with diesel MC-LTC engines are not inherent to the combustion regime itself,
but rather that they are the result of fuel injection and mixture preparation strategies
that are not sufficiently well tailored to the requirements of this new operating mode.
Mixture preparation and mixing effects will be investigated to understand the impact on
combustion completeness and more specifically, HC emissions and formation.
1.2 Objectives
The aim of this research was to provide the research community with a deeper
knowledge of the issues surrounding poor combustion efficiency in MC-LTC. This
revolves mainly around a programme of experimental research performed on a well-
instrumented single cylinder diesel engine with emissions, optical and combustion data
analysis. This work intends to improve our knowledge regarding CO emissions with
HC in LTC and in the process improve on LTC as a viable alternative for production
diesel engines. The specific objectives of the proposed research are as follows:
1. To collect of new experimental data describing the effects of fuel injection
strategy and intake generated flow structures on cycle averaged and cycle-
resolved emissions of HC, CO, NOX , and PM, specific fuel consumption and
combustion stability during MC-LTC operation.
2. TO identify the most significant variables and interactions affecting emissions and
combustion efficiency in MC-LTC through statistical analysis of the experimental
data.
3. To validate Design Of Experiments response surface models of HC, CO, NOX ,
and PM emissions, and fuel consumption for the MC-LTC on a single cylinder
engine.
4. To elucidate the hydrocarbon production mechanisms and sources in MC-LTC
and their relative contributions to the total engine-out HC emissions.
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5. To develop hypotheses on fuel-charge mixture preparation effects based on swirl
manipulation and combustion of oxygenated fuels.
These objectives are to provide an improved understanding of HC (and CO) formation
and emissions mechanisms, knowledge on how to implement MC-LTC with low
emissions of HC and to improve fuel economy while retaining the ultra-low NOX and
low PM emissions characteristics inherent to the LTC regime.
1.3 Structure of Thesis
• Chapter 1 has provided a brief summary of the importance of the work carried out
in this thesis and and the work’s position in the wider field.
• Chapter 2 gives an overview of the diesel internal combustion engine including
a discussion of emissions formation processes as well as after-treatment devices
for meeting emissions regulations. Advanced diesel combustion is discussed in
more detail with characteristics of some of its variants and how they differ from
conventional combustion. This naturally leads on to problem identification i.e.
the focus of the thesis and why it is important.
• Chapter 3 gives an overview of the engine test bed and experimental facilities
used within the research. Data acquisition and analysis for cylinder pressure
measurement, fuel flow rate and exhaust emissions are covered. Instrumentation
and calibration for specific studies are also described in enough detail to enable
accurate reproduction of test conditions and test results.
• Chapter 4 describes an investigation using DoE methods to optimise HC and
CO emissions based on fuel metering parameters. This study carries on
from earlier work on this set-up which highlighted the benefits of multiple
injections on emissions in LTC. A model is created to show the emissions and
performance landscape for two different dilution levels based on parametric
boundary conditions for a given quantity of injected fuel. This chapter helps to
establish the differing relationships HC and CO have with fuel injection metering
conditions. The sensitivity of MC-LTC to intake oxygen concentration, cylinder
pressure rise rate limits and soot creation/oxidation processes is also discussed.
• Chapter 5 looks at the effect of fuel oxygenation on MC-LTC. This builds on
the theory that mixture preparation methods can make a significant difference
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to MC-LTC viability. Load conditions from previous studies are used to give
a direct comparison of the effect of fuel oxygenation whilst keeping intake
oxygen concentration fixed. The confounding effects of biodiesel properties
are also acknowledged. The conclusions are supported by endoscope images of
combustion as well as time resolved HC emissions data.
• Chapter 6 studies the effects of swirl on combustion in MC-LTC. Time resolved
HC emissions data as well as standard exhaust HC measurements give an
indication of the effects of swirl modulation on the magnitude, location and hence
formation processes of exhaust HC. The information presented in this chapter
extends the knowledge of HC formation processes within the context of poor
combustion efficiency in MC-LTC. Optical observations of the mixing effects of
swirl on LTC using endoscopic techniques are reported in this chapter. These
images show how the combined effects of reduced charge mass and increased
turbulence affect soot formation and oxidation processes.
• Chapter 7 brings together of the main conclusions from the investigations carried
out during the Ph.D. programme as well as recommendations for future work.
The appendices contain additional information referring to various chapters of
the thesis.
1.4 Chapter summary
This chapter has sought to give a wider context and history to the topic of interest
i.e. diesel emissions and performance. The aim was to outline why the investigations
carried out in this thesis are relevant by highlighting the wider social issues. The level of
urgency around the problem is emphasised as well as key stakeholders and beneficiaries
in ensuring that a workable solution is developed in the near future. The author goes
on to summarise previous steps taken to get to the current state of affairs with regard to
technological and infrastructural advancements. The aim and objectives of the research
programme are also presented.
The next chapter presents the thesis literature review.
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Chapter 2
Literature Review
2.1 Introduction
Sustained technological and infrastructural advancements, coupled with the availability
of a relatively inexpensive and energy dense fuel mean that combustion engines will
remain the dominant power source for the transportation sector in the near to medium-
term [31]. Diesel engines have over the last two decades garnered an excellent
reputation for low fuel consumption, durability and reliability. Sullivan et al. [32]
predict that by 2015 CO2 reductions for diesels compared to gasoline engines will be
approximately 14%–27% despite significant gains in gasoline engine efficiency over
the last decade. In view of growing concerns over global warming and depletion of
fossil fuel resources, this offers cost saving benefits to customers and manufactures
alike. There is still work to be done to match the gasoline engine’s ‘fun-to-drive’
and NVH characteristics but that has not slowed the continued increase in European
passenger car market share which reached about 50% in 2005 [33]. The biggest
challenge for the diesel engine remains emissions after-treatment. Current methods
for limiting nitrogen oxides and particulate emissions require extra energy consumption
either through engine efficiency losses, or extra fuelling for after-treatment regeneration.
Low Temperature Combustion (LTC) offers a potential emissions control technique
that reduces the need for after-treatment devices. However, there are various technical
challenges which need to be overcome before a production ready LTC system can be
realised.
This literature review begins with an introduction to conventional diesel combustion
and emission formation. Mixing-controlled combustion plays a highly important role
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in emission formation and a well accepted conceptual model is reviewed with an
emphasis placed on the development of the fuel jet, local mixture conditions, and
their consequences. Current and potential technologies for emission control are also
summarised with an emphasis on LTC techniques. The review then moves on to
discuss concepts critical to successful operation of mixing controlled low temperature
combustion (MC-LTC) as well as challenges faced whilst identifying key knowledge
gaps in research work done to overcome these hurdles.
2.2 The compression ignition combustion process
The essential components of the diesel combustion process can be summarised as
follows; fuel is injected into the cylinder at high pressure near the end of the combustion
stroke. The liquid fuel, due to being injected at high velocity, atomizes into small
droplets and entrains hot pressurised air in the compression chamber [34, 35]. There
is a delay period during which a flammable mixture is being continuously formed as
fuel vaporises and mixes with the high temperature air in the cylinder. The air-fuel
mixture reaches autoignition temperatures and stoichiometry. Continued compression
pushes the mixture towards fuel ignition temperature. Consequently instantaneous
ignition of some premixed fuel and air occurs at multiple sites within the cylinder. The
period between the start of fuel injection and ignition is known as the ignition delay.
The ignition delay is relatively constant for given conditions and thus fuel injection
timing is used in conventional diesel engines to control combustion phasing. There is
then a period of rapid combustion at the end of the delay period of mixtures which
have attained equivalence ratios within ignitability limits for the in-cylinder conditions.
This simultaneous combustion is marked by rapid heat release in the cylinder and
is known as premixed combustion. Engine and fuel developers ensure the ignition
delay is suitably short so that the premixed combustion only consumes a small portion
of the total injected fuel. This ensures that the in-cylinder pressure rise rate is not
unreasonably high, which could cause unacceptable noise and potential damage to
the piston assembly. Increased pressure from this initial combustion further heats the
unburned mixture, increasing evaporation rates. The subsequent combustion of fuel is
controlled by rates of diffusion of air into the fuel vapour and vice versa. As a result, the
rate of heat release is considerably less. This is known as mixing controlled combustion.
Mixing-controlled combustion continues until all the injected fuel is consumed.
8
A conceptual model of conventional diesel combustion up until the end of the fuel
injection process was proposed by Dec [3] and developed further by Flynn et al. [4]. The
in-depth knowledge of this process was gained through extensive use of optical imaging
methods and has been widely referred to as a reasonable depiction of the early stages
of mixing-controlled burn–especially in regard to sources of emission formation [29].
Figure 2.1 presents a series of schematics for this model prior to the end of fuel injection.
Expanding on the earlier description of the fuel combustion process, the conceptual
model gives a visual description of the formation of the diffusion flame that is key to
understanding emission formation in conventional diesel engines. ASOI refers to ‘after
start of injection’ where injection corresponds to the timing start of first injector needle
motion. Fuel entry into the cylinder actually occurs about in the interval between 0.5◦-
2◦ and 1◦-2◦ ASOI [3]. The following stages then occur:
• During 1◦-2◦ ASOI the fuel jet emerges from injector tip entraining air in its
wake;
• At 3◦ASOI a vapour/air region begins to develop alongside the jets;
• By 4◦ASOI the jet evaporates into a rich vapour region (φ = 2-4) downstream
leaving liquid jet at its maximum length. Chemiluminescence is also detected
signifying energy releasing reactions;
• From 5◦ASOI premixed combustion occurs leading to fuel breakdown and
polycyclic aromatic hydrocarbon formation in the leading portion of the jet;
• After the start of premixed combustion, a diffusion flame starts to develop at
6◦ASOI. The increased temperature from combustion vapourises more fuel in the
jet reducing the extent of the liquid phase as shown;
• By 8◦ASOI premixed burn comes to an end soot steadily being produced and
increasing in size from the fuel rich mixture zone to the head vortex;
• From 9◦ASOI to 10◦ASOI mixing controlled combustion is dominates entirely
with the head vortex fully developed.
Figure 2.1 also shows the fully developed diffusion flame labelled with production
zones for various chemical and pollutant species as well as associated temperatures. It
should be noted that as this conceptual model refers to conventional diesel combustion,
it needs to be adapted in order to include features specific to low temperature
combustion techniques. Some low temperature combustion techniques work by
9
separating the ignition and the injection event, hence eliminating the mixing controlled
combustion phase flame altogether. Other techniques have a diffusion flame element
to their combustion processes operate in pressure, temperature and fuel distribution
environments distinctly different from conventional diesel combustion.
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FIGURE 2.1: Conceptual model of conventional diesel combustion (a) Start of
injection through premixed burn phase to start of mixing-controlled burn [3]. (b) Quasi-
steady burning jet representative of remainder of mixing-controlled burn (Reprinted
with permission from SAE paper 1999-01-0509 [4] Copyright 1999 SAE International.
Further use or distribution is not permitted without permission from SAE.)
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2.3 Pollutant emissions
Legislated emissions limits on exhaust pollutants are driving the rapid advancement of
engine technologies to meet set targets whilst attempting to minimise the added cost to
the end user. Currently regulated emissions are nitric oxides, particulate matter, carbon
monoxide, carbon dioxide and hydrocarbons as shown in Table 2.1. Engine noise is also
an important factor in diesel engine combustion with respect to customer perception and
comfort.
TABLE 2.1: Current and future EU emissions standards for diesel passenger cars.
Superscripts b, and c refer to 2011.01 and 2013.01 for all models respectively.
Superscript ‘f ’ refers to 0.0045g/km using the PMP measurement procedure
respectively. Reproduced from [2]
Stage Date CO (g/km) HC+NOx (g/km) NOx (g/km) PM (g/km) PN (#/km)
Euro 5a 2009.09b 0.5 0.23 0.18 0.005 f -
Euro 5b 2011.09c 0.5 0.23 0.18 0.005 f 6.0×1011
Euro 6 2014.01 0.5 0.23 0.18 0.005 f 6.0×1011
2.3.1 Oxides of nitrogen
Oxides of Nitrogen (NOx) are highly reactive ozone and acid rain precursors which
also play an important role in photochemical smog chemistry. Photochemical smog
constitutes noxious substances like ground level ozone, sulfur dioxide and carbon
monoxide which cause lung irritation and diseases such as emphysema, bronchitis,
and asthma [36]. NOx emissions consists of nitric oxide (NO) and nitrogen dioxide
NO2, but it is the nitric oxide that is predominantly formed in the engine cylinder [34].
Although less toxic than nitrogen dioxide, nitric oxide in the atmosphere is a source of
eye and throat irritation. It is unstable and reacts readily with oxygen in the atmosphere
to form nitrogen dioxide which can cause acute lung injuries such as pneumonitis and
pulmonary edema. It is this readiness of NO to form NO2 with atmospheric oxygen that
means sampled exhaust values of NOx are usually expressed as NO2 equivalent when
given in mass units (molar mass 46 kg/kmol) [35].
There are a number of different potential formation mechanisms responsible for NO
in combustion processes. Relative to N2 and O2, NOx are thermodynamically higher
energy species hence their presence is fostered by long residence times in high
temperature conditions [37]. The relative importance of these different mechanisms
in the combustion process of an engine is dependent on in-cylinder conditions:
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temperature, pressure, flame conditions, residence time and the relative concentrations
of key reacting species. These are briefly described below.
Thermal NO - extended Zeldovich mechanism
The thermal mechanism for NO formation is the main source of NOx emissions from
conventional diesel engines with peak combustion temperatures above 2000 K. One of
the potential benefits of LTC is that below 1700 K contribution via this mechanism is
insignificant [38]. The three principal reactions that comprise the thermal NO formation
mechanism are [34]:
O+N2
 NO+N (2.1)
N+O2
 NO+O (2.2)
N+OH
 NO+H (2.3)
(2.1) and (2.2) are due to Zeldovich while Mattavi [39] added (2.3) to extend the
mechanism [34]. Thermal NO production is relatively slow compared to the main
combustion reactions hence equilibrium quantities of NO are never reached before
the NO concentration is frozen by falling combustion temperatures in IC engines [3,
37]. Ideal conditions for thermal NO production are found in the flame zone of a
conventional burning diesel spray on the lean side of the diffusion flame as diffusion
temperatures will be high and there is a source of oxygen. However, it is believed that
the bulk of NO production occurs in post flame gases which are still being compressed
to a higher temperature by the combustion process [3].
Prompt NO - Fenimore mechanism
It has been found that NO formation rates in hydrocarbon combustion can exceed those
attributable to the thermal mechanism summarised above. This surplus has been found
to be mainly due to rapid or ‘prompt’ NO formation confined to regions near the
flame zone [5]. In contrast to thermal NO, prompt NO is produced at relatively low
temperatures (1000 K) [38]. The principal reactions are shown in (2.4) and (2.5).
CH+N2
 HCN+N (2.4)
C2+N2
 2CN (2.5)
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FIGURE 2.2: Reaction path diagram illustrating the most important reaction paths in
prompt NO formation and conversion of fuel nitrogen (FN) to NO. Redrawn from [5]
Prompt NO in hydrocarbon flames is formed by the rapid reaction of hydrocarbon
radicals with molecular nitrogen leading to formation of amines or cyano compounds.
These subsequently react with oxygen and hydrogen radicals to form NO as illustrated
in Figure 2.2. Equation (2.4) has a lower activation energy than the formation steps to
produce thermal NO and is dominant in fuel-rich premixed hydrocarbon combustion
and diffusion flames [36].
The prompt NO mechanism is particularly important for any combustion mode which
attempts to advantageously alter the formation of NOx by reducing combustion
temperatures. It is necessary to be aware of possible NOx emission through the prompt
NO route under these operating conditions. Yoshikawa et al. [40] postulate that for
mixtures which are not perfectly homogeneous, conversion of NO to HCN and NH3 via
fuel-rich pathways can influence the predicted NOx emissions. Fuel rich conditions are
prevalent in mixing controlled low temperature combustion modes [15, 30, 41]. This
modelling work also predicts an interaction of this NO pathway with soot formation as
a result of competition for CH radicals between the soot precursor C2 H2 and HCN,
which leads to NOx .
Fuel Nitrogen
Another source of nitrogen oxide emissions in the combustion of fossil fuels is the
nitrogen chemically bound in the fuel. This ‘fuel nitrogen’ is a particularly important
source of nitrogen oxide emissions for coal and coal-derived fuels, which typically
contain 0.5%-2.0% nitrogen by weight [5]. However, standard diesel only contains very
small quantities of nitrogen so that fuel bound NO emissions from diesel combustion
are negligible. The mechanism for NO production is fostered by formation of amines
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FIGURE 2.3: Ratio of cylinder average NO concentration at a given crank angle.
Redrawn from [34]
.
of cyano compounds which then follow the prompt NO route as illustrated in Figure 2.2.
The typical NOx formation profile is shown in figure 2.3 as dropping temperatures
‘freeze’ NOx quantities in the expansion stroke.
2.3.2 Carbon Monoxide
Haemoglobin in blood, which carries oxygen to different parts of the body, has a higher
affinity for carbon monoxide (CO) than for oxygen [37]. This means that at elevated
concentrations in the atmosphere, the blood becomes ineffective at delivering oxygen
to the bodily tissues. Should high enough concentrations in the blood be reached, this
could lead to seizures, comas and even death. CO formation in the IC combustion
process is generally a result of local oxygen insufficiency, insufficient thermal energy
for oxidation reactions or dissociation at high temperatures [34, 37]. In principle, the
concentration of carbon monoxide contained in exhaust products should correspond to a
chemical equilibrium state represented by the water-gas shift equation [37], thus:
H2O+CO
 H2+CO2 (2.6)
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At maximum flame temperatures (2400 K) the equilibrium shifts to the left (CO
production), but as exhaust gases cool the equilibrium shifts to favour oxidation of
CO to CO2 . Diesel engines typically operate with locally rich mixtures but are lean
on an overall basis. In these situations the primary problem is ensuring the excess
oxygen reaches the CO before the temperature drops to a value too low for oxidation
to proceed in the available time [37]. Consequently for fuel lean mixture ratios exhaust
CO is minimal, however for fuel rich ratios, due to insufficient oxygen, significant
concentrations of CO persist even in cool exhaust products. Cold starts and transients
are sources of high CO emissions in diesels as they reflect these conditions [42]. The
conditions described above for CO production are similar to those encountered in MC-
LTC. High equivalence ratios and low average charge temperatures ensure that CO
emissions are undesirably high, with a corresponding negative effect on combustion
efficiency. The magnitude of this problem is reflected in the amount of attention focused
on swirl, multiple injections and post injection schemes aimed at providing favourable
conditions for oxidation of CO to CO2 [43–48].
2.3.3 Particulate Matter
Particulate matter (PM) emissions are responsible for the black smoke traditionally
associated with diesel powered vehicles. They are classified as exhaust matter that can
be trapped on a sampling filter medium at temperatures of 52 ◦C or less [34, 35]. As
a result, PM is not a single physical species but a complex mixture of constituents.
Particulate emissions are regulated because they have been shown to have negative
health effects which include asthma, difficult or painful breathing, and chronic
bronchitis, especially in children and the elderly. Fine particulate matter associated with
diesel exhaust is also thought to cause lung cancer and is therefore listed as a mobile
source air toxic. Particulate matter can be divided into three main categories:
1. Insoluble fraction (elemental carbon and ash)
2. Soluble organic fraction (organic material from lubricating oil and fuel)
3. Sulphate particles, SO4 (sulphuric acid and water)
Soot is generally accepted to be the insoluble fraction of particulate matter, whilst the
latter two categories are described as volatiles since their physical state is strongly
dependent on temperature. An added problem associated with sulphates is their
retention of humidity which may more than double their mass. Soot has been found
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FIGURE 2.4: Growth of soot from gas phase to solid agglomerated particles.
Reproduced from [6]
to be the main cause of the carcinogenic and mutagenic effects on humans [49] and its
proportion in PM is estimated to be typically higher than 50% [6]. Soot is produced
mainly from incomplete combustion of hydrocarbons through a series of processes
whereby aromatic species grow by addition of other aromatic and smaller alkyl species
to form larger polyaromatic hydrocarbons (PAH). These stages of growth are illustrated
in Figure 2.4.
It is generally accepted that soot formation occurs on the fuel-rich side of the reaction
zone early in combustion, where the oxygen concentration is low and the temperature
is sufciently high to initiate soot nucleation reactions [3, 25, 50]. This is enhanced
when more fuel is injected after the start of ignition therefore having a shorter ignition
delay in which to entrain air and reduce equivalence ratio. Diffusion burning is
therefore a major source of soot as it is dependent on fuel air mixing with conditions
of low oxygen and slower burning encouraging soot formation. Diffusion burning
is either completely eliminated in LTC or occurs at a temperature too low for soot
nucleation [15]. Temperature has the greatest effect of any parameter on the sooting
process by increasing all of the reaction rates involved in soot formation and oxidation.
Soot inception begins around 1400 K while oxidation occurs around 1300 K with in
the presence of oxidising species. Formation rates peak between 1500 K and 1700
K beyond which net soot formation decreases [6]. Typically soot emissions in the
exhaust are a result of incomplete oxidation due either drop in temperature or oxygen
concentration [8].
2.3.4 Unburned Hydrocarbons
Exhaust hydrocarbons are regulated because of their toxicity and ability to contribute to
ground level ozone. Prolonged exposure to hydrocarbons contribute to asthma, cancer,
liver disease and lung disease [51]. Hydrocarbons also contribute the volatile fraction
of particulate matter emissions so increase their emissions and threat to human health.
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FIGURE 2.5: Hydrocarbon formation mechanisms. Redrawn from [7]
In some cases non-methane hydrocarbons (nmHC) are regulated and in others total
hydrocarbons are regulated. This is because methane is more difficult to break down in
a catalytic converter so that an nmHC regulation is inherently less stringent that a THC
regulation. This is perhaps more beneficial in countries where technologies to tackle
methane are not economically viable. It is important to note that, over a 20 year period,
methane is up 19 times more potent than CO2 as a greenhouse gas [52].
Unburned hydrocarbons in the exhaust stream are an indicator of incomplete
combustion of the fuel injected into the cylinder. It has been shown that even
the most efficient engines have combustion efficiencies asymptotically approaching
100% [26, 34] but there is always a small portion which escapes combustion either
partially or completely. The main sources of HC emissions in diesel combustion have
been generally agreed in literature to come from sources listed in Figure 2.5 [34, 53, 54].
Other less significant sources which may contribute to unburned HC include lubricating
oil leakage into the combustion chamber, fuel trapped in crevices and injector spray
holes [53]. These conditions all lead to environment whereby complete combustion of
the fuel molecule is impeded either by lack of oxidant or activation/propagation energy.
Kuo et al. [55] performed a study for a diesel engine finding that 10%-30% of total
HC emission is caused by the overmixed fuel air mixture formed during the ignition
delay period. Matsui and Sugihara [56] also recognised that the contribution of these
sources were highly dependent on engine load/operating condition. In MC-LTC relative
contributions from these sources are likely to differ due to difference in in-cylinder
conditions. Indeed, there is strong evidence to suggest that piston/wall wetting and bulk
quenching are the main sources of hydrocarbons in LTC [57, 58].
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2.3.5 Carbon Dioxide
Global concern over greenhouse gas emissions has led to the implementation of policies
aimed at gradually curtailing CO2 emissions from transportation sector. European
legislation (Regulation 443/2009/EC) limits average CO2 emissions for the new
passenger car fleet to 130 g CO2/km from 2015 onwards and a further reduction to
95 g CO2/km for the year 2020 [59]. Dramatic fuel consumption / CO2 reductions
are necessary, both near-term and long-term, in order to keep within these stringent
limits. The diesel engine is therefore becoming an increasingly attractive option due to
a high fuel conversion efficiency which can exceed its SI counterpart by up to 40% [60].
However, diesel combustion is associated with excessive pollutant emissions which
require expensive after-treatment systems to meet current regulations. Current after-
treatment technology ensuring the required reduction in pollutants add complexity and
cost to the diesel system. Furthermore, Steen et al. [61] have also shown that the in-
service use of these after treatment devices increased fuel consumption by as much as
3% due to increased exhaust back pressure and regeneration strategies. MC-LTC offers
a solution which removes the need for these added devices by reducing the emissions at
the source. NOx and particulate matter emissions are negligible as the combustion mode
avoids conditions which promote their production. However,due to low in-cylinder
temperatures, fuel conversion efficiency in MC-LTC is currently unacceptably low so
that the main focus of research in this area is in improving overall efficiency whilst
maintaining the low PM and NOx benefit.
2.3.6 Combustion noise
UK legislation limits the noise emissions for direct injection diesel engine cars to
76 dB(A) [62]. As diesels continue to gain a greater market share based on their
fuel consumption benefits, other aspects such as driveability and NVH will become
important in maintaining this share [63]. Consequently, car manufacturers have devoted
significant efforts to mitigate engine noise in order to comply with regulations and
satisfy customer demands. The combustion process has been shown to be a significant
noise source of modern diesel engines and has been analyzed in detail with regard to
total noise emission as well as to sound quality aspects. Direct combustion noise is
attributed to gas forces acting on the structure assuming that the piston velocity in
the axial and transverse directions is zero. Mechanical(indirect) noise is the result of
gas forces causing components to move through their clearances causing impact with
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engine structure [64]. An example is that of piston slap where the piston is forced
into the cylinder liner. The contribution of direct combustion noise to engine radiated
noise is around 37% in normal combustion rising to 94% in deteriorated combustion
condition [64]. It is commonly known that the rate of heat release is correlated
with noise emitted from the engine [35, 64, 65]. Due to its high compression ratios
and rapid consumption of premixed mixtures at ignition, pressure rise rates in diesel
combustion are reasonably high and lead to an unpleasant sound. Low temperature
combustion techniques mostly rely on increased premixed combustion in order to attain
emission benefits. Higher levels of combustion noise compared to conventional diesel
are therefore a potential cause for concern. Using conventional diesel techniques
(pilot injection) to alleviate high rates of release tends to increase soot emissions
(as it reducing premixing time) thereby negating the benefits of LTC. Heat release
rate can also be reduced by increased EGR, reduced compression ratio or retarded
injection [66, 67] but there is likely to be a thermal efficiency penalty as a result. This
is because combustion phasing and rate are compromised so that energy release is not
efficiently converted to useful piston work. The effects of advanced combustion on rate
of heat release and combustion noise will be discussed in later section.
2.4 Diesel emission control
Initially, efforts to keep diesel emissions within legislative limits were focused on pre-
exhaust engine technologies such as combustion chamber design, charge air cooling,
and improved fuel systems [38]. With the growth in the diesel engine market and
increased knowledge of exhaust gas effects, emissions targets have been steeply raised
over the last decade. In order to keep up with increasingly low legislated limits, after-
treatment systems have gradually increased in quantity and complexity despite their
increased on cost and detrimental effects on engine performance. This section analyses
the various emission control and after-treatment systems currently in use for diesel-
engined vehicles.
2.4.1 Diesel oxidation catalyst - DOC
Diesel oxidation catalysts promote the oxidation of products of incomplete combustion
in diesel engines. These products include CO, HC, polycyclic aromatic hydrocarbons
(PAH), soluble organic fractions of particulate matter and hydrocarbon derivatives such
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as aldehydes [68]. The catalyst shows no activity below its light-off temperature,
typically 200 ◦C–250 ◦C [69], so requires activation via exhaust flow heat transfer.
As temperature increases oxidation rate increases until it plateaus at a constant value
specific to each pollutant. Although oxidation provides an obvious emissions benefit,
the energy generated from the exhaust catalyst reaction is not available to do piston work
and so does not replenish lost combustion efficiency. However, the heat generated can
be used to activate other exhaust components such as the DPF regeneration [70].
Sulphur content in diesel fuel is inadvertently oxidised by the catalyst generating
sulphate particles thus increasing total particulate matter emissions despite the decrease
in SOF fraction. Nitrogen Oxide (NO) also gets oxidised to the more dangerous NO2
although this reaction is favoured in atmospheric conditions. Selective DOC’s have
been developed which avoid oxidation of sulphur but this comes at the expense of
reduced overall catalytic activity [42]. LTC systems are predominantly restricted to
low loads and low exhaust temperatures to prevent unwanted emissions [24, 67]. This
is a potential area of concern with respect to exhaust energy availability to attain catalyst
light off temperature. It should be noted that Sasaki et al. [71] has shown that this is
possible for ‘Smokeless Rich Diesel Combustion’.
2.4.2 Diesel particulate filter
The Diesel Particulate Filter (DPF) is the main after-treatment technology used to
meet current particulate matter emissions regulations. The DPF filters particulate
matter/soot particles from the exhaust stream and subsequently oxidises the particles
to CO2. Due to the filtration mechanism in these devices, filters are most effective in
controlling the solid fraction of diesel particulates, including elemental carbon (soot)
and the related black smoke emission. The filter material is in most cases a wall-flow
monolith which contains pores that allow the exhaust gases to pass while trapping soot
particles [72]. DPF regeneration, whereby soot particles are incinerated, is necessary to
prevent the particulate filter from becoming clogged and to avoid excessive exhaust-gas
back pressure in the engine. The two main approaches in use are active and passive
regeneration. The active regeneration approach involves an external heat source (post
injection, electric heater) which periodically raises the filter temperature to oxidise the
particulates. This is initiated by the engine control unit (ECU) monitoring parameters
such as exhaust back-pressure and engine operating conditions in order to ensure the
optimum regeneration regime for minimal energy inefficiency. The passive regeneration
21
mode involves continuous or periodic regeneration of the system instigated by catalytic
agents or fuel additives. Diesel filters are very effective in reducing PM emissions,
with filtration efficiencies often in excess of 90% [73]. Their drawbacks are potential
durability/reliability problems and a decrease in fuel economy due to high back-pressure
and in the case of active systems, due to energy demand for regeneration.
2.4.3 Urea-SCR catalyst
Selective Catalytic Reduction systems are designed to catalytically reduce NOx
emissions in the oxygen rich environment of diesel exhaust into molecular nitrogen and
water. This is achieved by injecting urea as a reducing agent into the exhaust flow which
is then absorbed onto the surface of the catalyst where reduction takes place. It has been
in use for many years in stationary NOx control applications but adaptation for mobile
applications has become a viable option for meeting emission standards [74]. High
NOx reduction efficiencies are generally achieved (75%-90%) [75] however, there are
challenges in mobile applications such as accurate metering during transients, widely
variable exhaust temperatures, safe transport of reductant, system complexity, service
intervals, packaging limitations and urea distribution infrastructure [68, 74]. In the case
of SCR catalysts, while there may be no direct fuel economy penalty, operating costs
are increased by the cost of urea.
2.4.4 Exhaust gas recirculation (EGR)
EGR is used widely in both diesel and gasoline engines to reduce nitrogen oxides (NOx)
emissions. A series of investigations were carried out by Ladommatos et al. [76] in
order to understand the different effects of substituting fresh air charge with hot exhaust
gas. The following conclusions were provided and have been used to shape further use
of EGR in combustion systems:
1. Reduction in oxygen concentration of inlet charge (Dilution Effect): The
reduction in oxygen fraction when some oxygen in the fresh air intake is displaced
by inert gases from the exhaust is the dilution effect. For a given quantity of fuel
injected into the cylinder, there is a proportional amount of oxygen required for
complete combustion. Since the oxygen fraction is lower with EGR the diffusing
flame must broaden in order to entrain the requisite oxygen. This slows down the
combustion process so that heat release rate is reduced, reducing NO formation
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rate due to a lower peak temperature. An increased proportion of non-oxygen
molecules in the broadened flame absorb heat from the flame and lower flame
temperature. This is the most significant contributor to NOx reduction.
2. Rise in heat absorption capacity of inlet charge (Thermal Effect): EGR contains
significant amounts of water and CO2 which have higher specific heat capacity
than fresh air. The thermal effect is due to the increase in heat absorption of
these non-reacting gases which absorb heat from the flame and lower the flame
temperature. In essence there is a greater thermal mass which requires more
energy to heat up to the same temperatures achieved without EGR. Hence, for
a given fuelling rate, the combustion temperature with EGR will fall.
3. Rise in temperature of inlet charge (Thermal Throttling): Even with cooled
EGR, the temperature of the intake charge is considerably higher than fresh air
charge alone. This increased temperature reduces the overall density of the intake
mixture meaning that for a given intake pressure, the intake mass is less. This
leads to reduced oxygen in the cylinder which propagates the dilution effect. The
rise in temperature of the inlet charge also means that ignition delay is reduced
for a given mixture likely causing increased equivalence ratio at ignition. This
could lead to an increase in soot emissions compared to a non-EGR condition.
4. Chemical Effect: Although exhaust gas constituents (CO2 and H2O) will
dissociate endothermically into their constituent atoms at high temperatures, their
participation in and effect on the overall combustion event has been shown to
be minimal. The dissociation of carbon dioxide was found to have a small
contribution towards reducing NOx and particulate emissions.
Ladommatos et al. [76] concluded that the main effect of EGR was caused through
reducing the oxygen availability and that a smaller effect was due to the change in
charge heat capacity. Practically, EGR works by connecting the exhaust system to
the intake system thereby allowing flow down a pressure gradient. There are various
configurations used based on the requirements of the specific system. High pressure
EGR is achieved by extracting a portion of the exhaust flow upstream of the exhaust
gas turbine and re-introducing it in the intake manifold downstream of the intake air
compressor through an electronically-controlled EGR valve. Low pressure EGR, on the
other hand, uses exhaust flow that has been filtered through DPF’s and reintroduced
upstream of the air compressor with the pressure potential being provided by the
‘suction’ force of the compressor. The pressure difference in the high pressure system
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is governed by the EGR valve and the turbine vane position whereas in the low pressure
system there is a limit to the control of the system due to the time delay introduced by
the long route and low exhaust back pressure at the EGR extraction point.
2.4.5 NOx-PM trade-off
Due to the conditions which favour their respective formation mechanisms, current in-
cylinder measures to reduce particulate matter emissions increase NOx [34, 77]. In
conventional diesel combustion, this is known as the Soot-NOx trade off. Examples of
NOx control measures include;
1. EGR, which reduces flame temperature below that required for substantial NOx
formation. In the process the increased equivalence ratio and moderately high
temperatures are favourable for soot formation (conditions described in previous
section).
2. Retarded injection has also been used as a NOx control technique because it
reduces the heat release rate (and hence overall) temperature for a very small
BSFC penalty. However, retarding injection also leaves less time to complete
combustion before bulk quenching/exhaust valve opening occurs ‘freezing’
intermediate emissions as temperature drops. This results in changes to the soot
formation/oxidation balance leading to increased net soot production [78].
Advances have been made to simultaneously reduce the emission of both NOx and
particulate matter but this has been to a limit, for example Han et al. [77] have shown
that multiple injections help to bring a Soot/NOx curve closer to the origin but the trade
off between these emissions still present even at their respective ‘minimum’. Currently
the most efficient method to simultaneously reduce both emissions is through the use of
in-cylinder combustion strategies which prevent the production of one substance while
employing exhaust after-treatment methods to control the other. This ensures that there
is less of a compromise in the combustion process (which for the cases above tend to
deteriorate BSFC even if it’s only slight). The downside of this is the increased one-
off and in-service costs associated with exhaust components [61]. The two possible
approaches are illustrated below:
1. Low NOx engine calibration with PM emission after-treatment. A diesel
particulate filter system can be designed to control increased PM emissions
that result from low NOx engine design. As diesel particulate filter technology
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is more mature than NOx after-treatment technologies, this approach is more
widely used in diesel engine applications.
2. Low PM engine strategy with a NOx control device. This opposite concept
involves a NOx after-treatment device combined with low PM/high NOx engine
calibration. An example of this approach is a heavy-duty Euro V engine using
a urea-SCR NOx control system without the use of PM aftertreatment. An
advantage of this configuration is the increase in fuel conversion efficiency which
improves with higher engine-out NOx /low PM strategy.
The advent of low temperature combustion techniques has shown that engine out NOx
and particulate matter trade-off can be disabled. These methods tend to rely on highly
diluted charge and higher rates of fuel/air premixing to keep combustion temperatures
below the threshold for NOx /particulate matter formation. This operating condition is
not without its challenges which include new trade offs such as soot/combustion noise,
NOx /Hydrocarbons, Exhaust temperature NOx [10].
2.5 Advanced diesel combustion
Advanced Diesel Combustion is an umbrella term for a series of strategies which
attempt to find an in-cylinder approach to reducing emissions in order to reduce the
load on, or totally remove the need for complex after-treatment devices. Homogeneous
Charge Compression Ignition (HCCI) was one of the early combustion concepts that
differed from the conventional diesel process to attract attention [79]. The aim of
HCCI is to do away with the conventional diffusion flame (and corresponding emission
sources) by attaining a chemically and physically homogeneous mixture of air and fuel
before autoignition. The upshot of this charge homogeneity is locally lean mixtures
which burn to produce negligible soot and ultra low NOx due to favourable temperature
/ local equivalence ratio conditions. A homogeneous charge is achieved by injecting the
fuel into the intake port or directly into the cylinder early enough in the compression
stroke to allow sufficient mixing before ignition occurs. The charge is then auto-ignited
by the heat of compression, realising a fully premixed combustion as opposed to the
premixed-diffusion limited combustion experienced in the conventional combustion
mechanism.
25
FIGURE 2.6: Temperature-equivalence ratio map showing where conventional and
LTC occur. Reproduced from [8]
Due to the thermal efficiencies that are comparable to compression ignition engines
there is an obvious attraction to HCCI from a SI engine perspective [80]. In the same
way, the emissions benefit of HCCI combustion offer a reduced cost method of meeting
future NOx /PM regulations for diesel engines. However, ‘classic’ HCCI is not easily
adaptable to diesel fuel due to the low volatility of diesel and its high propensity for
autoignition. The former may lead to significant wall wetting in the intake port and
combustion chamber, the latter to over-advanced combustion phasing [81].
In order to get around the difficulties encountered with ‘classic’ HCCI, other innovative
strategies have been developed which set about achieving low temperature combustion
and its corresponding emissions benefits without the necessity for a homogeneous
charge. These may include variation in compression ratios and/or EGR dilution in order
extend ignition delays enough to enhance mixing. These ’low temperature combustion’
modes cover a number of in-cylinder combustion strategies which employ mainly partial
premixing as well as suppressed flame temperatures in order to produce very low
emissions of NOx and PM. Figure 2.6 illustrates the distinction of LTC and HCCI.
A common method for mitigating this over-advanced combustion phasing is through a
reduction in the engine compression ratio, but this comes at a cost of reduced engine
thermal efficiency.
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2.5.1 Cool flame chemistry - low temperature heat release
Depending on operating conditions, three types of autoignition are generally observed
after the ignition delay period. These are single ignition, a two stage process where
LTHR precedes the main premixed combustion, and a two stage process where the
LTHR is separated from the main heat release by an apparent negative temperature
coefficient (NTC) region [82]. For a single stage ignition the bulk of the heat release
occurs after the delay period whilst in the two-stage ignition process 5%-20% of the
total heat release occurs following an initial delay. The heat release reactions reduce
in rate over a second delay period, the end of which is marked by a release of the
remaining fuel energy. LTC diesel combustion exhibits a multi-stage combustion
process, with a distinct temperature heat release (LTHR) followed by a main combustion
event [9]. This is because the conditions in the cylinder during the ignition delay
period; increased dilution and premixing, cooler in-cylinder charge, promote a slower
rate of the initial ignition reactions so that individual stages are distinctly observed–
unlike in conventional diesel combustion. This LTHR region is a combination of a cool
flame regime and a negative temperature region (NTC). The NTC region is a unique
phenomenon in that within this temperature range a reduction in overall reaction rate
is reported with an increase in temperature. This is explained by the reactions which
are favoured by increased temperature as shown in Figure 2.7. As such NTC acts as
a barrier to auto-ignition until compression heats up the charge to a temperature above
the NTC region as shown in Figure 2.8. The LTHR phase usually consists of four main
stages.
1. Initiation: Highly endothermic stage involving radical attack on the hydrocarbon
molecule by hydroxyl radicals to produce hydrocarbon radicals. The fate of the
of the hydrocarbon radical determines the existence of LTHR reactions.
2. Propagation: These are exothermic reactions which are influential in removing
the non radical .
3. Termination: The termination of the radical chains compete with the branching
reactions.
4. Branching: This step provides the multiplication in the number of radicals needed
for autoignition.
As temperature increases the reaction of the hydrocarbon radical with oxygen shifts
towards the left leading to termination reactions which become more dominant than the
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FIGURE 2.7: Cool Flame Reaction Mechanism.
branching reactions hence slowing down overall reaction rate. This is the NTC phase
as mentioned previously. The upper boundary of the NTC region ranges from 900 to
1100K [83] above which ignition delay ends and hot ignition occurs. LTHR is crucial to
LTC in understanding how the ignition delay period may be modified for better mixture
preparation. EGR reduces the rate of autoignition reactions [9] as indicated by the
increase in ignition delay period. EGR has no effect on activation energy and order of
global autoignition reactions. Cool flames are observed and their intensity is increased
at higher EGR ratios [84]. The cool flame or LTHR affects the ignition delay in two
ways; through the heat release of this exothermic mechanism and the resultant change
in chemistry. Cool flame energy release is believed to contribute to fuel vapourisation
and also to higher charge temperature rise rate [82].
2.5.2 Engine operating strategies for low temperature
combustion
Conventional approaches to low-temperature diesel combustion may be conveniently
subdivided into early- and late-injection concepts. The aim of the early injection
concepts is to create a near homogeneous mixture whilst avoiding common issues
such as wall wetting and over-advanced combustion phasing. There is less control
over ignition timing/combustion phasing with these early injection strategies as a
trade-off for obtaining a more premixed charge compared to the ‘near-TDC’ injection
concepts. In an effort to mitigate this, flexibility in the fuel delivery process can be
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FIGURE 2.8: Heat Release Rate trace showing low-temperature Heat Release and
Negative Temperature Coefficient region. Reproduced from [9].
exploited through variations in injection pressure, timing, number of injection events,
injection rate, spray angle and geometry. Combustion phasing issues are mitigated with
methods such as reduced compression ratio and EGR dilution which serve to retard the
combustion event to a more desirable position in the engine cycle. There is an obvious
overlap between the these mechanisms as they seek to overcome the same issues. In
this section the more prominent LTC mechanisms are briefly summarised.
2.5.2.1 PREmixed Lean DIesel Combustion - PREDIC
PREDIC was proposed by the New ACE Institute of Japan at the end of the 1990s [85].
It is an LTC concept which aims to imitate HCCI by injecting very early in the
compression stroke. In an attempt to avoid the wall wetting issues of classical HCCI,
three injectors are used and positioned so that the sprays collide in the centre of the
cylinder rather than on the wall or piston. The other major problem with HCCI; over-
advanced combustion, was mitigated by making changes to the intake temperature,
engine compression ratio and even fuel cetane number in order to extend ignition delay
for optimum phasing. Combustion observations showed that there was no luminous
flame, indicating a fully pre-mixed combustion. However, it was found that despite
the low emissions NOx and smoke, high HC and CO emissions still persisted [86].
Fuel consumption in this mode was observed to be 7% [87] above that of conventional
diesel.
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2.5.2.2 MULtiple Stage DIesel Combustion - MULDIC
PREDIC begins to suffer from over-advanced combustion and excessive pressure rise
rates at increased loads. In an attempt to achieve higher power densities fuel injection
is split so that a second injection event takes place close to TDC. The amount of fuel
in the first injection is the maximum amount that can be premixed without phasing
issues. A second injection around TDC to an already lean premixed charge introduces
a diffusion flame (as in conventional diesel) and this increases NOx and PM emissions
compared to pure HCCI although they are still considerably less than figures obtained
for conventional diesel at the same loads [85].
2.5.2.3 UNIform BUlky combustion system - UNIBUS
UNIBUS is an LTC mode which is similar to MULDIC in that it utilises multiple
injections. An injection forms a lean premixed charge which takes advantage of
low emissions from homogeneous charge combustion while a late injection is used
to provide control over combustion phasing. Early work on the UNIBUS concept
involved a low pressure (sim 50 MPa) single injection around 60◦ BTDC or earlier.
An important aspect of this single injection system was mixture preparation. Fuel
was dispersed as small droplets that, upon evaporation, formed rich mixture pockets
far enough apart that heat generated during a first low-temperature heat release would
not be sufficient to impact adjacent fuel pockets. This extended the delay period till
compression heating was sufficient for hot ignition/high temperature heat release [88].
The fully evolved UNIBUS technique combines this early injection with a late injection
(around 13◦ATDC). The compression ratio is relatively low at 12:1 which prevents
overly advanced combustion of premixed fuel. The later fuel is injected into the cool
flame reactions of the first injection promoting evaporation of the fuel, but temperatures
are not high enough for thermal cracking of the hydrocarbon fuel which would result in
soot production. NOx emissions from this combustion mode were increased compared
to a fully premixed charge but still acceptable while HC and CO emissions were
reduced [89].
The UNIBUS system was developed by Toyota and has been produced commercially.
It was first introduced into the Japanese market in 2000 in a 3-liter 4 cylinder common
rail engine (1KD-FTV) for Toyotas Land Cruiser Prado and Hilux Surf vehicles [90].
This engine is also available in some European vehicles meeting Euro 4 emission
standards.
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2.5.2.4 Narrow Angle Direct Injection - NADI
The NADI (Narrow Angle Direct Injection) combustion concept was developed by
Institut Franc¸ais Du Pe´trole (IFP). The design is aimed at ensuring optimum mixture
preparation and minimising HC and CO emissions. It is well known that injecting
early in the compression stroke leads the fuel spray over-penetration and wall wetting
as a result of lower density charge and cylinder geometry designed for close-to-TDC
injection. NADI involves a redesign of both the fuel injector and the piston bowl. The
use of a narrow angle fuel injector (less than 100) avoids spray wall interactions and
out of bowl injection when fuel is injected at an early timing for HCCI combustion.
The piston bowl is redesigned so that it complements the narrow angle of the spray by
containing liquid fuel during early injections. It is also optimised to allow narrow fuel
sprays to be used in conventional diesel combustion at high loads. Injection timings in
the range 30◦ to 60◦ BTDC were investigated as well as varied EGR rates. Near-zero
particulate and NOx emissions were achieved while HC and CO emissions were also
reduced to a degree [91]. A high EGR rate is the main approach used to control ignition
delay in NADI, with achieving high enough EGR (50% or more) rates becoming the
limiting factor as load increases.
Figure 2.9 depicts relative injection timings (first/single injection) from these
mechanisms based on their general approach to attaining LTC benefits. Multiple
injection strategies employed predominantly at higher loads bring about greater
complexity in combustion modes and emissions formation.
2.5.3 Modulated Kinetics / ‘Late’ Partially Premixed Compression
Ignition (PPCI)
The Modulated Kinetics (MK) concept developed by Kimura et al. [67] achieves low
NOx and PM emissions by improving mixture formation and reducing combustion
temperature despite near-TDC injection. An important feature of the MK concept is that
ignition delay must be longer than injection duration so that the conventional diffusion
flame is not developed. This places a load limit on the combustion mode at realistically
achievable fuel rail pressures. The ignition delay is increased by the retarding injection
timing, reducing compression ratio and EGR dilution. In-cylinder gas temperatures
are relatively low for retarded combustion phasing, and as such thermal decomposition
of the diesel fuel is inhibited, which reduces soot production. This secures sufficient
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time for fuel mixing in order to produce a premixed burn and reduce diffusion burning.
Mixing is further enhanced by high swirl ratios which helps to reduce local equivalence
ratios in the ignition delay period. Although combustion noise is also significantly
reduced, the retarded ignition timing and reduced compression ratio may yield lower
cycle efficiency and increased hydrocarbons. Another similar method is known as
’early’ PPCI whereby injection is slightly advanced of conventional diesel typical
timings (before TDC). The aim here is the same – to ensure long enough ignition delay
or positive ignition dwell so that sufficient mixing can occur and there is no diffusion
flame. This is not always achieved. Early PPCI tends to overlap with other methods
mentioned previously and so is not discussed further. Summarily, early and late PPCI
involve close-to-TDC injection timings and inhomogeneous mixtures at ignition which
improve control over combustion phasing and rate compared to HCCI.
2.5.4 The Middle Way: Mixing Controlled-LTC (MC-LTC)
MC-LTC works by preserving the conventional diesel spray structure but introducing
a significant reduction in the equivalence ratio at the lift-off length cross section.
This is achieved via high EGR dilution (>60%) which helps to suppress soot and
NOx production. Injection timings are very similar to those observed in conventional
diesel combustion hence ignition dwell (time between end of injection and start
of combustion) is typically negative [30]. This similarity with conventional diesel
combustion means there are less issues with wall wetting and combustion phasing
control–common problems with highly premixed combustion modes. However the
near-TDC timing and increased dilution tend to promote comparatively more soot
generation, as a result requiring close control of fuel metering, charge conditioning
and mixing processes to ensure significant oxidation before the end of the cycle. This
makes MC-LTC less robust than fully premixed modes at maintaining desired emissions
targets. PPCI differs from MC-LTC in the general perception that it is characterised by
mostly positive ignition dwell (ignition occurs after the end of injection) and hence has
less control over phasing than MC-LTC (although more than HCCI / early injection
concepts) [27]. Both modes are characterised by a degree of heterogeneity in the charge
at ignition and the ignition dwell is largely determined by engine load (MC-LTC can
have positive ignition dwell at low loads, PPCI can have negative ignition dwell at high
load). However there is limit on engine load whilst running in MC-LTC mode due to
the levels of dilution required to limit high temperatures [15]. As with other modes
described, HC and CO emissions are still undesirably high [45, 47, 57].
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FIGURE 2.9: Relative injection and ignition range for a series of LTC mechanisms.
Redrawn from [10]
2.6 Problem identification - fuel combustion efficiency
in MC-LTC: HC and CO emissions
The problem of incomplete combustion of fuel in MC-LTC represents a major
technological barrier to potential commercialization of this technology. HC and
CO which escape into the exhaust ‘unburned’ are generally products of incomplete
combustion and are essentially synonymous with low-temperature combustion although
it is not thought by the author to be inherent to the combustion mode. The use of
a diesel oxidation catalyst may help to eliminate these species from the tailpipe but
the energy lost from the cylinder is not fully recoverable and results in poor engine
efficiency. This efficiency loss negates any fuel economy benefit of diesel compared
to its SI engine counterpart which would seriously threaten the competitiveness of
the diesel engine, especially in the light duty passenger car market. The importance
of this issue is reflected in the literature dedicated to understanding and resolving
incomplete combustion in LTC. Kumar and Zheng [26] split the efficiency loss in LTC
compared to conventional diesel into burning, shaping and phasing (with respect to the
heat release) efficiencies. The first is essentially comparable to combustion efficiency
whilst the latter two are related to the thermal efficiency (phasing and rate). For the
conditions tested, it was found that poor burning efficiency was accountable for 90%
of the drop in IMEP of LTC compared to ‘high temperature’ conventional combustion.
As in conventional diesel, the sources of these emissions were considered to be due
mainly to areas of poor mixture preparation and/or lack of sufficient thermal energy to
promote oxidation kinetics [92]. As a result, it is believed that optimisation of mixture
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preparation and fuel injection strategies will bring about an improvement in the fuel
combustion efficiency [29]. In order to do so, a fundamental understanding of in-
cylinder conditions in LTC which promote HC and CO emissions is important. A series
of investigations [47, 57, 58, 92] have identified wall wetting, bulk quenching of over-
lean mixtures and under-mixed regions in the combustion chamber as the main sources
of HC in LTC. There is a general agreement that these sources tend to be individually
dominant in certain operating conditions whilst contributing very little HC and CO in
others.
Mendez et al. [57] identified that with reduced compression ratios and high EGR
rates, bulk quenching will be the primary source of HC due to the increased ignition
delay promoting locally over-lean mixtures. This is generally more likely for low load
conditions where global equivalence ratios are relatively lean. At higher speeds or
increased fuelling where acceptable levels of mixing efficacy cannot be attained, HC
from undermixed regions begin to dominate. Miles and Colban [22], in investigating
the effects of boost on PPCI found that the observed reduction in HC was from both rich
and lean sources although the effects on the reducing lean mixtures was reported to be
more dominant. Koci et al. [92] observed this spread of HC sources over both rich and
lean local equivalence ratios and in addition described the trends of light HC (<6C’s)
with CO emissions whilst heavy HC (>6C’s) where generally due to impingement and
wetting.
CO, like HC has been found to come from both locally rich and lean areas where
combustion occurs at a slower rate [45]. A shift towards richer mixtures tends to
increase CO emissions far more than HC as partial oxidation of HC to CO may still
occur but lack of oxygen may prevent the complete oxidation of the growing pool of
CO molecules (HC has a higher reaction constant than CO [93]. There is a narrower
range of equivalence ratios which provide rapid oxidation of CO hence there is a steeper
rise in CO than HC [27] at the boundaries of this range. As a result of this disparity,
the energy content of exhaust CO in LTC tends to be typically greater than that of
HC. Undesirable mixture distributions have been found to be partly a result of poor
oxygen utilisation between the piston bowl and the squish area [92]. In these cases,
the bowl geometry and corresponding flow fields combine to provide unfavourable late
cycle mixing conditions which inhibit CO oxidation. The corresponding effects of split
injections, optimised timing [44] and swirl [94] on CO emissions adds credence to the
theory of poor mixing conditions for CO oxidation.
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FIGURE 2.10: Redrawn from [11] showing generalised effects of increased dilution
on rich and lean equivalence ratio limits for HC, assuming equal mixing. Zones of
incomplete oxidation are identified by shaded regions for the low-and high-dilution
conditions.
The spread of HC and CO emissions across both excessively lean and rich regions
makes it difficult to employ increased or reduced mixing strategies (swirl, injection
pressure) uniformly to eliminate poor combustion efficiency from MC-LTC. In fact, an
observed effect of increased boost pressure in certain conditions is a mixing controlled
burn by skewing the equivalence ratios at ignition towards rich values and then relying
on the increased charge density and reaction rates to eliminate any unburned fuel and
soot before the end of the combustion cycle. The spread of local equivalence ratios is
perfectly illustrated by Figure 2.10 redrawn from [11] which highlights the effects of
increased dilution on lean and rich limit equivalence ratios for HC. Outside of these
limits, combustion is slow and does not tend to reach completion until further mixing
occurs. A brief description of the phenomena is a given:
• Increased dilution leads to lower average temperatures and hence slower reaction
rates. As a result the lean and rich limit equivalence ratios (for rapid combustion)
become narrower.
• Increased dilution also means that the overall charge to fuel equivalence ratio
is higher so that initial local equivalence ratios are shifted more towards higher
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values of φ (unless abated by measures to increase mixing efficacy);
2.7 Chapter summary
This review has defined the diesel engine combustion process in detail. Conceptual
models have been used to aid the description of fuel injection, mixture preparation and
ignition as well as emission formation mechanisms. The benefits and limits of state
of the art diesel emissions control methods are also reviewed. A detailed introduction
to the principles of low temperature combustion and its many variants is given which
leads onto the identification of a ’middle ground’ as it were. Mixing controlled LTC
is shown to bring together mechanisms from different combustion modes and offers
the potential of low emissions benefits and ignition control. This is identified as the
combustion mode which will be explored particularly with respect to improving LTC’s
characteristically poor combustion efficiency.
The following chapter describes the experimental apparatus developed and used in the
research studies carried out. It will give enough detail to ensure the experiments can be
repeated under the same conditions that were carried out for this thesis. The chapter is
specifically placed before the subsequent investigative chapters in order to give context
and boundaries to the studies and conclusions presented.
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Chapter 3
Experimental Set-up
3.1 Introduction
Progress in advanced combustion techniques such as LTC continue to be abated by
significant challenges in maintaining acceptable combustion efficiencies. Undesirable
emissions of incomplete combustion products are seemingly intrinsic to the in-cylinder
processes which simultaneously bring about exceptional reductions to Soot and NOx.
Therefore, research efforts are focussed mainly around continuous optimisation of what
is as yet an embryonic technology; it is thought that there is considerable scope to
manipulate in-cylinder combustion conditions in order to better exploit newly developed
combustion boundaries. Consequently, great importance is placed on isolation, control
and measurement of engine parameters as efforts are made to break newly developed
trade-offs between complex and interdependent phenomena.
This chapter describes the engine test facility, data acquisition system and the derivation
of fundamental parameters. All experiments performed during this investigation have
been conducted using a purpose built single cylinder research engine. Details of
this unit, its ancillaries, and adaptations for specific investigations are given in the
proceeding sections.
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3.2 Detailed description of test cell systems
3.2.1 Test engine specification
An AVL 5402 single-cylinder research engine was used for the entirety of this
investigation. It is a single cylinder version of typical 2.0 L four-cylinder automotive
high-speed direct injection (HSDI) diesel engine. The single cylinder engine set-up
allows the events within an individual cylinder to be isolated from complex multi-
cylinder interactions which may distort or obscure critical trends. This is particularly
pertinent when working near combustion boundaries. The engine crankshaft is
coupled with the AMK DW motoring dynamometer with a rated power of 38kW.
The dynamometer is powered by a liquid cooled three phase asynchronous motor
capable of supplying and absorbing engine torque. Engine speed and torque controls
were available via the stand-alone AVL EMCON 400 dyno control system. First
order balancers are incorporated into the crankshaft system to ensure that mechanical
vibrations closely represent those encountered in a multi-cylinder engine. Details of the
engine are listed in Table 3.1.
TABLE 3.1: Engine Specifications
Research Engine
Engine Single cylinder 4-stroke Direct Injection, diesel
Displaced volume 510.7 cm3
Compression ratio 17.1 : 1
Bore/Stroke/Connecting rod length 85 / 90 / 148 mm
Rated speed 4200 r/min
Swirl ratio 1.78
Combustion chamber geometry Re-entrant bowl
Fuel injection system Common rail CP3 (BOSCH)
Engine management system AVL-RPEMSTM+ ETK7 (BOSCH)
Intake ports Tangential and Swirl
Valves 2 intake, 2 exhaust (DOHC)
Intake valves open -368 ◦CA BTDC
Intake valves closed -134 ◦CA ATDC
Exhaust valves open 128 ◦CA ATDC
Exhaust valves closed 378 ◦CA ATDC
An AVL-577 cooling water and lubricating oil supply unit was integrated in the compact
test bed to establish the fluid flow rate and provide temperature control of the oil and
engine coolant. The temperature of the coolant and oil were manually selected on the
unit control panel to within ± 2 ◦C of the desired value. Oil pressure control in the
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FIGURE 3.1: Combustion chamber piston bowl geometry for the AVL 5402 single
cylinder research engine
circuit is also provided by the unit with loss of oil pressure triggering an automatic
engine shut down.
The combustion chamber design is an important tool available to engine developers
for controlling the in-cylinder mixture preparation and as a result, subsequent pollutant
formation processes. In order to ensure optimised performance, it is important to ensure
that the combustion chamber design is matched correctly with fuel injection and air
induction systems. The ‘re-entrant’ bowl ω-shape and squish area geometry of the
combustion chamber is typical of current passenger car HSDI diesel engines. Although
the re-entrant shape enhances mixing, advanced injection events typical of MC-LTC
will likely cause fuel impingement on bowl wall and squish area (piston top surface)
which may have negative effects on exhaust emissions. This issue will be revisited in
further sections. The combustion bowl geometry is shown in Figure 3.1
3.2.2 Air-intake system
A stand-alone boost system was initially developed at Loughborough University [12]
to generate intake charge densities typical of the conditions present in a modern
production turbocharged diesel engine. The supercharger system was designed to
enable a decoupling of exhaust flow dynamics from intake charge properties (unlike in
a production turbo-charging system), so that a wide range of operating conditions could
be explored irrespective of available exhaust enthalpy. This flexibility is extended to
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FIGURE 3.2: Schematic of the research engine facility and air exchange system.
the independent control of the back-pressure and EGR valves to implement high-EGR
combustion regimes.
The boost system is composed of an electric motor driving a Rotrex C15 centrifugal
compressor with a pressure ratio maximum capacity of 2.4 and a maximum impeller
speed of 201,000 r/min. The rig also consists of a charge air cooler with a cooling load
of 12 kW and cooling rate of 10 l/min. An external heating element is also installed in
the intake air stream to provide the facility to increase inlet air temperature to a desired
set point. In order to fulfil flow requirements for the thermal mass flow meter, the charge
is routed through a flow-straightener prior to the resonance tank, of 2 m length and 5.0
cm internal diameter.
A 25 litre surge stainless steel tank with 6 bar abs pressure and 650◦ C temperature limits
was placed upstream of the intake manifold as shown in Figure 3.2. An identical surge
tank was placed in downstream of the exhaust manifold and is discussed in the next
section. Since the flow through a single cylinder engine is highly fluctuating, the surge
tanks were designed to reduce the cyclic pulsations which would otherwise have caused
difficulties in measurements such as pressure and flow rate. Prior to its installation, a
1-D simulation was performed by Cong [41] which showed that the pulsations in the
systems were reduced to ± 0.01 bar in inlet, ±0.05 in exhaust.
A series of temperature and pressure sensors were placed in the system (as indicated in
Figure 3.2 for the purpose of monitoring and controlling the experimental parameters
under investigation.
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3.2.3 Exhaust and EGR system
The exhaust system design was important for ensuring reliable emissions sampling as
well as stable and consistent EGR flow dynamics. Figure 3.2 displays the positioning
of the exhaust back pressure valve downstream of the exhaust surge tank. This enables
the valve to drive the required back pressure for EGR re-routing, a function normally
carried out by the turbocharger turbine and, to an extent, after-treatment systems in a
production engine. EGR mixing with the fresh air in the intake leads to a rise in intake
charge temperature which is known to have a significant effect on both conventional
diesel and LTC combustion. Temperature control of EGR before it mixes with the fresh
air in the intake is therefore very important in order to attain desired intake manifold
charge characteristics. EGR temperature is controlled by a coolant circuit with variable
coolant flow rate.
The increased flow volume caused by the presence of the exhaust surge tank and the
EGR routing circuit necessary to make high EGR flows possible lead to a greater surface
area for heat loss. In order to alleviate this (and possible water condensation issues),
insulation is placed on both surge tanks as well as on the piping in the exhaust EGR
circuit.
In practice, achieving desired EGR set points required simultaneous control of the
EGR and back pressure valves especially to sustain the delicate equilibrium of intake
and exhaust flow properties. Closed loop control of the EGR valve position, EGR
temperature and exhaust back pressure was achieved through motor controlled valves
using a PLC coupled with transistor driver modules (MOELLER easy-soft V6.22 Pro
Software). The back pressure was controlled with an error range of ±1 kPa; the EGR
rate control accuracy was ±0.5%.
Exhaust samples for emissions analysis were taken downstream of the surge tank and
exhaust back-pressure valve. Although sampling from this point would result in ageing
of the exhaust species, the trade-off was in avoiding errors due to high or pulsating
pressures as well as inhomogeneities in the exhaust gas sampled directly from the
exhaust manifold.
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3.2.4 Fuel delivery system
The fuel system consists of the low pressure and high pressure pump linked to the
common rail as is representative of a conventional automotive diesel engine system.
The Bosch common rail contains fuel at up to 1350 bar from the high pressure pump
with the equivalent length and volume of a production engine but with a single fuel
injector for dispensing metering fuel from this reserve.
The fuel system layout is illustrated in Figure 3.3. An external fuel conditioning unit
is added to this circuit to ensure consistent fuel temperatures across tests. An AVL
733 gravimetric fuel meter is also present in the circuit to determine fuel consumption
directly by measuring the time related decrease in weight of the measuring vessel (by
means of a capacitive sensor). Since the measuring vessel has to be refilled to enable
a fuel consumption measurement, this is a discontinuous measuring system suited
to engine steady state fuel consumption measurements. There is a heat exchanger
connected in series with the fuel meter with the aim of stabilising fuel temperature
across the circuit. Heat is exchanged between counter-current flows of fuel returning
from the engine and fuel entering the test cell circuit.
The fuel injection system comprised of an advanced common rail and injector assembly
capable of up to four separate injection events per engine cycle. Further details are
summarised in Table 3.2. The engine control system was a prototype ETAS engine
control unit. In addition, an open loop fuel injection control strategy designed by
AVL was loaded on to the ETAS system to allow independent, user-defined control
of fuel injection parameters (injection pressure, timing, number of injection events and
injection quantity). Injection quantity command (in mg) is converted into an injection
opening duration (pulse-width), based on a performance map from the engine supplier.
This map adjusts the commanded duration on the basis of speed and fuel rail pressure
only. However, in the case of multiple injections that are commanded to occur too
closely together, the controller will reduce the injection duration of the first injection to
ensure that the minimum required injector dwell time (0.2 ms) is maintained.
The commanded fuel injection quantity to the EMS was found to closely approximate
the actual measured fuel consumption at the fuel flow meter. Nonetheless, manual
adjustment of commanded fuel quantity was required ensure that the fuel quantity
injected into the cylinder was correct. Subsequently, with multiple injections it was not
possible to guarantee that the commanded fuel quantity per injection remained constant
as injection timing varied due to the variation in the position of the pressure wave at the
42
FIGURE 3.3: Schematic of fuel flow system
time of the injection as shown by [95] who demonstrated that injection induced pressure
pulsations in the common rail had an effect on ensuing (within-cycle) injections. As a
result, the commanded 1st fuel injection pulse duration in this work was kept constant
and subsequent fuel injection command durations were adjusted to maintain the fuel
flow rate at the desired level.
An automotive grade low sulphur diesel fuel (sulphur content < 10 mg/kg) that met the
current British Standard BS EN 590 was used (unless otherwise stated). The properties
are shown in Table 3.3.
TABLE 3.2: Fuel injection equipment specification
Fuel Injection System
Injector type CP3 VCO
Maximum injection pressure 1350 bar
Nozzle Type DSLA 142P
Fuel Injector specification (no. of
holes x hole dia. x included angle)
5 x 0.18 mm x 142◦
Needle lift 0.20 mm
Steady fuel flow rate at 0.2 mm lift 375 ml/30 sec
Minimum energize duration 100 µs
Minimum dwell between injections 200 µs
3.2.5 Data acquisition systems
All data acquisition for tests performed in this study were facilitated by a National
Instruments cDAQ 9172 chassis holding a series of I/O modules for both low and
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TABLE 3.3: Diesel fuel properties
Fuel Properties
Density at 15◦C 840 kg.m -3
Polycyclic Aromatic Hydrocarbon 9%
Sulphur Content 8 mg.kg-1
Cetane Number 52
high frequency data. Routines were written in LabVIEWTM V8.5 to collate data and
record at a user-defined trigger, with high frequency data cycle resolved and collected
at a resolution of 0.5 ◦CA whilst the low frequency parameters were recorded at 1Hz.
High frequency data included in-cylinder pressure, intake manifold pressure, exhaust
manifold pressure and needle lift (injector drive current). An index pulse was imported
to the digital NI 9401 I/O module as trigger and clock functions. This was generated by
an AVL 364C shaft encoder and a pulse multiplier system capable of generating between
360 and 3600 square waves per crankshaft revolution. In this study, it was set to generate
720 pulses equating to 0.5 ◦CA resolution with the trigger signal indexed to the engine’s
firing TDC. The high frequency data was input to a NI 9215 module and was logged
over a duration of 200 cycles. Sensitivity analysis has show that the mean and standard
deviation values for the in-cylinder pressure did not vary significantly above this sample
size [96]. The low frequency parameters were collected at a frequency of 1 Hz over a
period of 90 seconds. A brief summary of these parameters are given in below with a
more detail given in Appendix A. The available high frequency parameters were:
• Common-rail pressure (measured in fuel line connecting common rail to injector
with a strain gauge SL31D-2000 pressure transducer mated to AVL 3009A04
charge amplifier at 100kHz frequency);
• Intake manifold pressure (measured with Kistler 4045A5, 0-5 bar piezo-resistive
absolute pressure transducers) and in-cylinder pressure (AVL QC34C flush-
mounted water-cooled transducer pegged to the intake manifold pressure from
BDC to 20 ◦CA AGBDC) mated with a Kistler 4618A2 charge amplifier;
• Injector needle lift (measured using custom-built AVL needle lift sensor).
Those parameters monitored and logged at a lower frequency (collected by a separate
routine) are listed below:
• Fuel flow rate (as measured with the AVL 733 fuel meter);
• Air flow rate (as measured with EPI thermal mass flow meter);
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• Temperatures in exhaust, EGR, engine cooling and auxiliary systems (Omega K-
type thermocouples), Intake manifold temperature (Omega RTD PT100 probe);
• Pressures: Intake air stream and exhaust surge tank (Omega PX219-060G10V
and PX219-060GI respectively);
• Emissions (measured by the HORIBA MEXA 7100HEGR and HORIBA MEXA
485L according to range).
3.2.6 Emissions measurement
Accurate and repeatable exhaust gas emissions measurement are absolutely vital to
the study of low temperature combustion as emissions are the main driving force
for the investigation of such an unorthodox combustion mode. Relating engine
running conditions to measured emissions via theoretical understanding of formation
mechanisms is made possible through the use of HORIBA MEXA 7100HEGR emission
analyser bench. This measured concentrations of CO, CO2, NOx, THC and O2 of the
raw undiluted exhaust gas through a heated line downstream of the exhaust surge tank.
Intake CO2 was also measured in order to derive a value for EGR (the procedure will
be detailed in subsequent sections). The sample for the intake is taken downstream of
the intake surge tank in order to ensure a homogenous EGR/fresh air mixture as close
to the intake valves as possible. A HORIBA MEXA 485L exhaust gas analyser was
used for the operating conditions where the CO emissions were beyond the range of the
MEXA 7100HEGR system (0-5000 ppm). This is a portable instrument designed for
vehicle tailpipe testing. Its repeatability was observed to be much lower than the MEXA
7100HEGR bench (as well as having a higher stated accuracy (σ) of 100 ppm compared
to 50 ppm for the 7100HEGR). However, it did give an indication of the trend in CO
levels when the main bench level was exceeded. A brief description of the emissions
analysis methods follows.
CO and CO2 exhaust measurement is carried out with a non-dispersive infrared
detector (NDIR). This technique makes use of the property of these gases to selectively
absorb infra-red radiation over a narrow range of wavelengths. Hence the wavelength
of light to be passed though the gas sample is chosen specifically for the component
being measured. The component, if present in the sample absorbs the infrared radiation
and converts it into vibrational/rotational energy, decreasing the intensity of the light
leaving the sample. This intensity is compared to a reference light source and the
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resulting dissimilarity is quantified to give an indication of the sample concentration
of the species in question. As water vapour absorbs IR light at the same wavelength, the
sampling gas was dried through a chiller and water separator before crossing the sample
cell. As a result, the concentration measurement should is post-processed to take into
account the water vapour originally present in the exhaust stream. The measurement
concentrations are stated in ppm, with CO and CO2 having range of 5000 ppm or 10%
and 5000 ppm or 20% respectively.
Total Hydrocarbons (THC) in the exhaust are measured by a Flame Ionisation Detector
(FID). This works on the principle that ions are produced in proportion to the number
of carbon atoms originally present when a hydrocarbon is pyrolysed in a hydrogen-air
flame. Ion production is via complex ionisation processes [97] and detection is through
a potential difference applied between electrodes set up in the vicinity of the flame.
Hence the hydrocarbons in the sample produce an ionization current proportional to
the total amount of carbon atoms present. This technique is based on the theory that
a propane molecule (C3H8) will produce a response three times greater than a single
carbon molecule like methane (CH4). Calibration of the FID is carried out with a known
sample of propane so that a near relationship is established between the circuit output
voltage and the concentration in units of carbon eg., ppmC or ppmC1. It should be noted
that ppm C1 is not a real volumetric unit or an indication of the volumetric hydrocarbons
in the sample but simply a unit expressing the quantity of carbon toms in the analysed
gas. The THC range for this particular emissions analyser is 10 to 50000 ppmC.
NOX is detected using the principle of Chemiluminescence. The exhaust sample is
routed through a converter where the various oxides of nitrogen are dissociated into
NO. This process enables the utilization of the chemical reaction between nitric oxide
and ozone (O3) shown in equation (3.1)
NO+O3 = NO∗2+O2 = NO2+O2+ photon (3.1)
As shown, the reaction emits a photon of light which is filtered to prevent interference
by other gaseous species and measured by a photo multiplier. The signal is proportional
to the NO concentration (and hence original total NOX ) in the sample. The NOX
measurement range for this analyser is 0 to 10,000 ppm.
The paramagnetic properties of Oxygen (O2) are utilised in detecting and measuring
oxygen quantities in exhaust gas. When the gas sample is subjected to an alternating
magnetic field, the oxygen present undergoes a force in the direction of the increasing
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field. This magnetic force is measured as the pressure oscillations between two
detector plates. The resulting pressure oscillations are converted to electrical signals
by a condenser microphone whose signal is known to increase linearly with oxygen
concentration. The O2 measurement range for this analyser is 1 to 25 vol%.
The AVL 415S Smoke Meter is a filter-type smoke meter for giving an indication of
soot content in the exhaust system. The smoke meter utilizes a reflectance technique to
relate the exhaust smoke to a 0 to 10 number called the Filter Smoke Number (FSN).
A predetermined volume of exhaust gas flow is passed through a filter paper and soot
particles become trapped on the filter material. The smoke meter quantifies the visible
black smoke emission by measuring extinction of a light beam aimed at a filter paper
through scattering or absorption. Reflectivity based smoke measurements are used to
give a reliable indication of the exhaust PM concentration. It should be noted that
uncertainties in the FSN-PM correlations at high EGR levels mean that FSN is not used
to estimate PM mass emissions [58]. The measurement range is 0 to 10 FSN (which
normally corresponds approximately to 1 mg/m3 of soot per FSN). For the experiments
in this thesis three samples are taken each measurement; the average is calculated and
reported.
3.2.7 Cycle resolved hydrocarbon measurement
In order to obtain cycle resolved hydrocarbon emissions, measurement of instantaneous
HC concentration was obtained through the use of a fast flame ionisation detector (HFR
400 fast-FID by Cambustion Ltd) in the exhaust port. The fast FID specifications are
summarized in Table 3.4. The HC detection mechanism in the fFID is the same as
the standard FID measurement described previously. The slow response time of a
conventional FID is due mainly to sample handling i.e. sample gas travelling from
the exhaust runner to the heated line and then to the FID. However ‘instantaneous’
measurement is made possible by having the sample probe placed 2 cm downstream of
one of the two exhaust valves (Figure 3.4). As a result the response time is reduced
from 1-2 seconds to 1-2 ms (the exact value depending on sampling arrangement). Two
important parameters associated with operation of the fFID are sample transit time and
time constant. The transit time usually refers to the time for the sample to travel from
the sampling point to the ionization detector. This could also be described as the time
that sample transfers from the sampling point to the point at which 10% of the fFID
full output value is registered. The time constant is defined as the time for the signal
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to change from 10% of the full value to 90% of the full value. The time delay has to
be taken into account by performing a time shifting post treatment of the cycle resolved
data. This is illustrated in Figures 3.5 and 3.6.
TABLE 3.4: Cambustion Fast Flame Ionisation Detector Specification
Manufacturer Cambustion
Model Number HFR 400
Sample Probe Length 100 mm
Components Measured Total Hydrocarbons
Calibration Reference Unit ppm C3H8
The HC concentration in the exhaust port remains significantly high after the exhaust
valve is closed. Particularly for a single cylinder engine operating with high EBP and
a surge tank, the exhaust gas is likely to reside in the manifold after EVC (exhaust
valve closure). As a result, the initial fFID signal level at EVO (exhaust valve opening)
starts from the value it had at EVC of the previous cycle. Ideally, skip-fired operation
would be used to scavenge the exhaust gas so that the signal starts from zero at EVO of
each firing cycle but the use of real exhaust gas to maintain a real time intake oxygen
concentration precludes this option. This is because it would require a more complex,
artificial set-up in order to store and then instantaneously meter the exact exhaust
gas volume percentage into the intake manifold for the firing cycle after extended
scavenging.
FIGURE 3.4: Schematic of the engine showing the location of the fast- FID probe
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FIGURE 3.5: Transit time and time constant representation for fFID
FIGURE 3.6: Representation of post-processing shift in cycle resolved data
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3.2.8 Optically accessed engine
Optical access to the single cylinder engine was achieved through optical windows in
the cylinder head and a borescope (substituting one of the exhaust valves in order to gain
‘unobtrusive’ access to the cylinder). A minor recess was also created in the piston bowl
as shown in Figure 3.7 to accomodate the borescope and light guide lens. All the design
features and mechanical strength of the original engine were retained in the modified
cylinder head engine. Baseline work performed by Sarangi [12] has shown minor
changes to combustion performance based on these changes (3vpc design compared
to original 4vpc head and piston bowl described in Section 3.2.1, whereas other optical
techniques require considerable amount of mechanical modifications as well as changes
to combustion parameters to adapt to these changes (for example changes to intake
temperature in order to attain equivalent TDC temperatures for a reduced CR optical
engine), the use of a small diameter borescope offers optical access at little cost to
combustion integrity.
The optical access cylinder is machined to adopt two outer hollow steel insert sleeves
to provide access for both a light source and a borescope to capture images from the
cylinder. For in-cylinder visualization, one of the optical windows was attached to the
end of an installation tube which was threaded to the end of the inner sleeve into which a
standard borescope was fitted to ensure that the cylinder was pressure tight. The specific
modifications made to the engine for optical access are illustrated in Figures 3.7 and 3.8.
FIGURE 3.7: Modified cylinder
head [12]
FIGURE 3.8: Borescope/light access
through deactivated/sealed exhaust
valve [12]
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3.2.8.1 Camera
The images of combustion luminosity were captured using a Prosilica GC1380 digital
monochrome, 1.4 Mega-pixel CCD camera. It has a maximum frame rate of 20 frames
per second (fps) at full resolution (1360 x 1240 pixels) with an option to increase the
frame rate to 37 fps with binning techniques, where adjacent pixels were combined (640
x 480 pixels resolution). For the work carried out in this thesis, images were recorded at
a rate of 4500 frames per second with a corresponding resolution of 896 x 784 pixels. A
trigger signal, in the form of a TTL pulse taken from the crankshaft encoder, was used
to initiate the start of the image capture process. The camera had a peak quantum
efficiency (ratio of number of electron-hole pairs generated per number of photons
hitting the surface of a photo detector) of 70%. This was considered to be sufficient
for detecting low light levels in LTC regimes, where soot production is expected to be
considerably less than conventional combustion systems which are hypothesized to be
more premixed and hence, less luminous. Further details are listed in Table 3.5.
TABLE 3.5: Prosilica GC1380 Camera Specification
Resolution 1360 x 1024
Sensor Type 2/3” CCD Sony ICX285
Pixel Size 6.45 x 6.45
Max frame Rate 20 fps at 1360 x 1024
Lens Mount C-mount with adjustable back focus
Exposure Range 10 µs to 60 s
Binning Independent H and V control
For image acquisition, the camera was externally triggered with a 0-5 V TTL (transistor-
transistor-logic) pulse from an NI BNC 2110 data acquisition system based on the
input engine crank angle encoder signals–TDC and CDM (crank division marker). A
LabVIEW triggering routine was written such that images were obtained in consecutive
cycles as the crank angle at which the image was taken increased sequentially (or as the
experimenter specified). These images are then put together to form a representative
sequence of the combustion phenomenon being observed. Norpix, a video capture
software was used in conjunction with the camera to adjust settings such as shutter
speed, exposure time and frame rate as well as view a live feed in-cylinder region of
interest.
The quantum efficiency (ratio of number of electron-hole pairs generated per number of
photons hitting the surface of a photo detector), as a function of visible wavelengths
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FIGURE 3.9: Quantum efficiency of CCD camera over detection wavelength range.
Reproduced from [13]
of radiation, of the CCD camera is shown in Figure 3.9 as provided by the
manufacturer.
Radiation from soot particles is known to be plentiful around the 400 nm - 600 nm [98]
range with more limited emissions at longer wavenlengths. This serves to re-enforce
the notion luminosity detection will likely be biased towards the hottest soot production
zones. Camera and frame grabber parameters such as exposure time and gain will be
sued to supplement image capture within the constraints of this QE characteristic.
In order to capture natural luminosity for estimation of in-cylinder soot volume no
external light source was used. A Karl-Storz rigid borescope (3.8 mm outer diameter
with a working length of 300 mm with Hopkins rod lenses) and an AVL fused silica
optical window (BO2737) provided access to the cylinder. Direction and field of view
were 0 degrees and 67 degrees respectively (Figure 3.10). The borescope were equipped
with cooling channels which were supplied with compressed air to prevent overheating.
Spectral transmittance tests carried out by Sarangi [12] showed a range of 50% - 70%
between 420 nm and 650 nm. In conjunction with the camera, a Gigabit Ethernet
communicable and triggering software, images were captured and stored as 8 bit bitmap
files for post processing.
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FIGURE 3.10: CAD illustration of 0 deg borescope direction and field of view
3.2.9 Experimental parameters
This section describes the derivation of a series of parameters which are critical in
quantifying the experimental results and indicating the extent of engine performance
benefit or dis-benefit due to experimental variables. Some of these parameters were
used qualitatively to indicate certain limits or constraints on the performance envelope.
In-cylinder pressure analysis was particularly useful in providing valuable information
about the combustion process. A brief description of the more pertinent parameters
is provided here; IMEP, heat release rate (HRR), EGR, intake oxygen concentration,
coefficient of variance (of IMEP) and Maximum Pressure Rise Rate (MPRR)
IMEP : Indicated mean effective pressure is a measure of the average pressure exerted
on the piston throughout its cycle. The greater the IMEP for a given fuel quantity
and engine speed, the more efficient the system is at extracting work from the fuel
combustion process. IMEP values are generally stated in units of ‘bar’. The expression
used for calculating IMEP was:
IMEPnet =
∮
pdV
Vd
(3.2)
where p is the measured in-cylinder pressure at a known crank angle, V is the
instantaneous cylinder volume at the same crank angle and Vd is the cylinder
displacement volume [34].
Single cylinder engine research is focussed mainly on the compression and expansion
strokes due to the artificial nature of the pumping strokes in the cycle. Pumping losses
are not representative of real world engines as they are aided by the stand-alone boost
53
system described earlier. The boost system is completely decoupled from the exhaust
system (in order to attain greater flexibility of operation) hence pumping work is not a
natural deduction from the total energy extracted from the fuel. As a result, the gross
IMEP (average pressure over the compression and expansion strokes) as described in
Equation (3.3) is more appropriate to describe the combustion behaviour of the single
cylinder engine.
IMEPg =
∮
pdVcomp,exp
Vd
(3.3)
The in-cylinder pressure can be used to evaluate the rate at which chemical energy is
being released during the combustion event commonly referred to as the net heat release
rate(net HRR). The net heat release rate represents the rate of energy release from the
combustion processes minus heat loss to the walls and crevice volume. HRR is an
important parameter in cyclically resolving the combustion characteristics of an engine
condition with regard to detailing the start of combustion, the mass fraction burned
(CA50 specifically for combustion phasing), the rate at which fuel is consumed, and
also as a indirect indicator of noise. HRR is commonly used as a retrospective indicator
of premixed and mixing controlled combustion or first and second stage ignition in LTC.
The apparent or net heat release during combustion, dQ on a crank angle basis is given
by:
dQ
dθ
=
γ
γ−1 p
dV
dθ
+
1
γ−1V
dp
dθ
(3.4)
where dQdθ is the net rate of heat released per degree crank angle and p and V are the instantaneous
cylinder pressure and volume, respectively. The ratio of specific heats, γ = Cp/Cv is assumed
constant and ideally in the range (1.3 to 1.35) for diesel heat release analysis [34].
For the calculations in this thesis, γ = 1.33 was used.
The integral of the heat release rate gives the cumulative heat released from before
the start of injection to a selected crank angle afterwards. Total heat release (THR) is
calculated with the formula given in equation (3.5).
THR=
∫
HRRdθ (3.5)
where 720 is compression TDC. From the cumulative heat release, the phasing of the
5%, 50%, 90% of total heat release values and further derivatives can then be identified
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(designated CA5, CA50, CA90 respectively). These can be used to give an indication
of ignition delay (CA5-SOI), combustion phasing (CA50) and to monitor the effect of
input variables on combustion rate during selected parts of the heat release cycle.
EGR metering and control was essential to this investigation as it is the pathway to
achieving LTC. In this context, EGR is a measure of the amount of the exhaust gas that
is re-routed back into the intake fresh air stream. This is tracked by monitoring the
exhaust carbon dioxide concentration and comparing—as a ratio—to the intake carbon
dioxide concentration on based on an ambient air content of 0.03%.
EGRFraction=
(CO2)intake− (CO2)atm
(CO2)exhaust− (CO2)atm =
IntakeCO2
ExhaustCO2
(3.6)
Intake Oxygen concentration has become a more direct determinant for establishing
LTC. This is mainly due to research [12, 76] which has pointed to the dilution effect
of EGR being significantly more important than the other factors in suppressing
combustion temperatures (and hence inhibiting Soot/NOX creation). Due to the
variation of combustion products (and hence change in concentration of O2 in exhaust
gas) at different strategies for a given fuelling quantity and EGR rate there is a
slight decoupling of the relationship between EGR and intake oxygen mass fraction.
Investigations in this work will be carried out based on intake oxygen concentrations
rather than absolute EGR values. The intake oxygen is determined by combining,
proportionally, the detected oxygen concentration in the exhaust with the assumed
constant oxygen concentration in the fresh charge as follows.
IntakeOxygen, [O2]intake =
[
[O2]air×
(
100−EGR
100
)]
+
[
[O2]exh×
EGR
100
]
(3.7)
The oxygen based equivalence ratio, φO2 , is of major significance in highly dilute
conditions. φO2 is very sensitive to O2 content of the intake charge. Hence, it
is important to factor in the oxygen available in the recirculated exhaust gas when
calculating φO2 .
φO2 =
(
m f /moxygen
)
actual(
m f /moxygen
)
stoich
(3.8)
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The coefficient of variation (COV) of IMEP is a simple measure of spread used in the
experimentation process to give an indication of combustion stability based on IMEP.
This is a reflection of the cyclic variability in-cylinder pressure measurement over 200
cycles. The equation for CoV is given in equation(3.9)
CoV (IMEPg) =
σ(IMEPg)
µ(IMEPg)
(3.9)
where σ and µ are the standard deviation and the mean values, respectively, over a
number of consecutive combustion cycles.
COV values for production engines tend to be in the range <5%. Values encountered
above this are not discounted due to the embryonic nature of research but help the user
to understand better the quality of the combustion process with regards to unacceptable
instability.
The rate of pressure rise in the cylinder (equation 3.10) was monitored to give an
indication of safe running limits and noise propagation from combustion. In this work,
the safe maximum limit was set at 14 bar/ ◦CA whilst the acceptable limit for steady
state conditions was set at 10 bar/◦CA.
PRR=
dp
dθ
(3.10)
3.3 Chapter summary
This chapter has given the details of the research apparatus and basic procedures used
to carry out the experimental investigations, data extraction and analysis. Further
detail is given as required in individual chapters and the appendices. The subsequent
chapters describe the experimental investigations carried out as well as analysis of the
results obtained within the context of the experimental facilities. It is hoped that the
descriptions given here will aid in extrapolating engine behaviour beyond the confines
of laboratory facilities for purposes of advancing the knowledge gained into more
practicable applications.
56
Chapter 4
Fuel metering control and effects on
HC and CO
Low temperature combustion (LTC) in diesel engines offers attractive benefits through
simultaneous reduction of nitrogen oxides and soot. However, it is known that the in-
cylinder conditions typical of LTC operation tend to produce increased emissions of
hydrocarbons (HC) and carbon monoxide (CO), reducing combustion efficiency. The
present study develops from the hypothesis that this characteristic poor combustion
efficiency is due to in-cylinder mixture preparation strategies that are non-optimally
matched to the requirements of the LTC combustion mode. In this work, the effects
of three key fuel path parameters—injection fuel quantity ratio, dwell and injection
timing—on CO and HC emissions were examined using a Central Composite Design
(CCD) Design of Experiments (DoE) method. The experiments were performed on a
single-cylinder diesel research engine operating in a high-EGR mixing-controlled LTC
mode with a split fuel injection for all conditions.
This chapter presents the landscape for optimised combustion based on variation in
fuel metering parameters. It also provides improved understanding of the precise
requirements to achieve acceptable combustion in MC-LTC modes.
4.1 Introduction
The emergence of Low Temperature Combustion (LTC) techniques as a potential
alternative to conventional compression ignition diesel combustion is a direct result of
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the increasingly stringent legislated emissions standards that have significantly reduced
NOx and soot emissions limits. LTC offers an innovative solution by breaking the
traditional NOx/ soot emissions trade-off through simultaneous suppression of their
respective formation mechanisms. However, a series of technical barriers lie between
current advances in LTC and full ‘on-the-road’ implementation. Dec [29] reported
reduced combustion efficiency (resulting in high HC and CO emissions), a narrow
operating range and an unfavourable PM emissions / conversion efficiency trade-off
to be the main challenges in diesel LTC. It is postulated that mixture preparation
strategies insufficiently tailored to the requirements of the extended ignition delay
and combustion duration conditions of high EGR LTC are a significant factor in the
previously mentioned issues.
Conventional diesel engine combustion quality depends strongly on attaining desirable
spatial and temporal mixture characteristics in the combustion chamber. Technological
advances, particularly the development of common-rail fuel injection systems, which
separate pressure generation from the injection event, have enabled increased flexibility
to meet engine calibration requirements over the complete range of operating
conditions. Fuel path parameters such as injection pressure, injection phasing, rate
shaping and number of injection events can now be controlled independently to
attain optimal engine performance—as indicated by conventional metrics such as fuel
consumption, emissions, cold start stability, and combustion noise—via optimised in-
cylinder mixing.
The precise control of fuel and intake air parameters becomes critical in high-EGR
LTC due to in-cylinder conditions that are less robust to variations in mixture quality.
High EGR LTC conditions have markedly different combustion characteristics (low
peak temperatures, early injection, low intake oxygen concentration) such that relative
contributions from sources of HC emissions in LTC are significantly different from
those observed in conventional diesel engine operation [22, 57, 69, 99]. Hence,
efficient combustion in LTC requires a readaptation of the fuel-charge preparation
strategies.
Various fuel path parameters have been investigated, usually via single factor sweeps,
to determine their effects on LTC [43, 46, 58, 99]. Multiple injection strategies have
been shown to reduce EGR requirements for LTC from highly dilute (65%) to more
moderate ( 52%) levels [58]. This benefit is brought about chiefly by the enhanced
premixing afforded by spatial and temporal separation of fuel packets. This LTC
strategy moves from an essentially complete suppression of soot formation process
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(via reduced temperatures at high EGR) to a favourable balance of soot production and
oxidation processes whereby net PM emissions are low. As a result of the increased
temperature and oxygen availability, moderate EGR LTC yields lower GISFC, CO
and HC despite a slight increase in smoke and NOx values. Anselmi et al. [100]
take advantage of the flexibility afforded by multiple injections to optimise LTC heat
release characteristics. As well as reducing EGR requirements for a given operating
condition, it was found that there was the potential to achieve the desired ignition delay,
combustion rate and phasing targets in order to attain favourable emissions performance
(reduced HC and CO, noise and NOx).
Various investigations have been carried out through single factor sweeps of fuel path
levers to determine the effect on combustion performance [43, 46, 58, 99]. Koci et
al. [44] conducted a comprehensive study of various factors employing the ‘one-factor-
at-a-time’ (OFAAT) approach to generate plots of the input variable against output
parameters. The OFAAT approach, by virtue of its own nature does not capture
significant areas of the design space or interactions in multi-variable experiments.
All the same, Koci did observe that by spreading out injection events sufficiently,
suppression of the rapid energy release of a well mixed 1st injection can be achieved.
Benajes et al. [101] employed the Box-Behnken experimental design to investigate the
main and interaction effects for four factors—injection pressure, air fuel ratio, injection
dwell duration and combustion phasing—on engine emissions. Results showed the
potential for improved trade-offs between combustion noise, fuel consumption and
exhaust emissions for the conditions tested. The present study also uses experimental
design (Central Composite Design) and statistical analysis to generate response surfaces
relating engine-out emissions and performance to any combination of selected fuel
metering control levers.
The parameters studied are; the relative time in CA degrees between the start of 1st
and 2nd injection events (referred to here as the ‘Dwell’), the mass of fuel in the 1st
injection as a fraction of the total injected fuel mass (Ratio), and the timing of 1st
injection event (SOIC1). The following section describes in further detail the DoE
methods used to investigate the fuel metering parameters and their effects on products
of incomplete combustion (HC and CO). A set of conditions have been selected which
represent the current ‘load’ limit in LTC on this engine which demonstrates high HC
and CO emissions.
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4.2 Design of Experiments: response surface
methodologies
Design of experiments (DoE) is a statistical approach for determining cause and
effect relationships from experiments with measurable inputs and outputs. Developed
originally for agricultural purposes [102], it subsequently became a tool for quality
improvement, along with Statistical process control (SPC). DoE methods originated out
of a need for efficient experimentation whereby lack of resources and time constraints
restricted experimental testing so that optimised designs had to be resolved statistically
based on a limited number of test runs.
Response surface methodology (RSM) is an arm of DoE which is used in process
optimization through precise maps based on mathematical models. With responses
placed together on a contour map coordinated by input settings, it becomes easy
to locate sweet spots where process requirements are met at minimal cost. The
development of RSM began with the seminal article entitled ’On the Experimental
Attainment of Optimum Conditions’ [103]. This study successfully investigated
the optimisation of chemical reaction experiments, emphasising the broad potential
applications of such experiments. The techniques were subsequently widely adopted,
firstly in the chemicals industry and then subsequently in manufacturing industry.
Design of experiment methodology was implemented to support the experimental work
in this study. Its economical use of experimental resources and the ability to model
engine behaviour for further analysis provide extra insight into LTC. The software
used to generate experimental runs and analyse the data used was Design Expert DX-
8. This software carried out the complex statistical calculations intrinsic to the DoE
methodology as displayed in Figure 4.1. The relationship between the experimental
response and factors are not always linear; 3 or more factor levels can be used to
determine the presence of quadratic and cubic terms using RSM methodology.
4.3 Methodology: Central composite design
Design of experiments (DoE) methods were used in this investigation to understand
the main factor effects and interactions for four injection parameters at given engine
operating conditions. A model was generated based on the Central Composite Design
(CCD) DoE method. CCD is a statistical experimental design that expertly chooses data
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FIGURE 4.1: Design Expert Software Interface
points to be tested in order to ensure that models can be built which relate responses to
selected input parameters in a statistically robust manner. The CCD technique was
introduced by Box and Wilson in 1951 [103] and is widely used for fitting second order
response surfaces. As illustrated in Figure 4.2, the design is called ‘composite’ because
it comprises 3 distinct parts; the centre point, the 6 axial points and the 8 corners of the
cube. The centre points are usually the midpoints of each factor range and are used to
to provide information about the existence of curvature in the model. The advantages
of CCD relevant to the experiments carried out in this study are as follows [104]:
• Insensitivity (robustness) to outliers in the data;
• Allows for experiments to be completed in blocks;
• Gives sufficient information to allow a test for lack of fit;
• Provides an estimate of pure experimental error.
4.3.1 Test plan
The objective of this work was to model CO and HC emissions with respect to the
factors listed in Table 4.1. Operating conditions were achieved through routing up to
65% by volume of the exhaust gas back into the intake manifold via surge tanks. The
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FIGURE 4.2: Central composite designs. Diagram illustrates 2 and 3 factor designs
but CCD can be used for any number of factors.
TABLE 4.1: Engine Operating Conditions for Experimental Testing
Parameter (units) Value
Intake Oxygen YO2 by mass (%) 8.5 12.0
Engine Speed (r/min) 1500
Fuel Injection Pressure (bar Absolute) 900
Intake Manifold Pressure (bar Absolute) 1.2
Factors
Ratio [as defined by Equation (4.1)] 0.2, 0.4, 0.5, 0.6, 0.8
Start of 1st Injection Command, SOIC1 (◦ATDC) -48, -42, -36, -30, -24
Dwell angle (◦CA) 9, 15, 21, 27, 33
Start of 2nd Injection Command, SOIC2 (◦ATDC) -6, -9, -12, -15, -18
desired intake oxygen level was attained by allowing the EGR mass fraction to vary
in order to attain the desired intake oxygen mass fraction, YO2. The two YO2 levels
represented a highly dilute and a moderately dilute condition; each having particular
benefits to LTC combustion characteristics.
The 8.5% intake oxygen conditions were expected to exhibit relatively low pressure
rise rates even at the extremities of the design space. These conditions resulted in
very low NOx ( < 0.5 g/kg fuel) as temperatures were low enough to suppress NOx
formation. Soot emissions were also generally representative of LTC, i.e. FSN < 1.0,
with the exception of a few points with injection strategies which produced relatively
high soot emissions through late diffusion dominated combustion. The 12% intake
oxygen conditions were expected to exhibit shorter ignition delays, higher pressure rise
rates, hotter cylinder pressure and as a result greater susceptibility to NOx and smoke.
The advantage of increased intake oxygen concentration is better combustion efficiency
but this had to be balanced against emissions constraints mentioned earlier.
The EGR was cooled at a constant coolant flow rate and intake air heated accordingly in
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order to ensure that the mixture in the intake manifold was maintained at a temperature
of 72 ± 3 ◦C. At the same time the cooling water and oil temperatures were maintained
at 80 ± 1 ◦C and 90 ± 1 ◦C respectively.
The tests covered in this chapter are limited to two injection events per cycle as a first
step away from single injection strategies. The range of injection timings covered in
LTC research is too wide to cover in a central composite design study. Screening tests
and prior understanding of the design space was necessary to narrow the area of interest
to a manageable size. The experiments carried out were limited to early injection LTC,
although work has been carried out by Musculus et al. [27] looking at relatively late
post-injections (≈ 5 ◦ ATDC) for soot reduction and for HC reduction [23, 105]. Start
of injection command (SOIC) was varied between -48◦ and -24◦ CA ATDC as previous
work on the same engine [58] had indicated issues with cylinder liner wetting and poor
fuel evaporation for injection events advanced beyond this point. The values of intake
pressure, injection pressure and fuelling per cycle were used as baseline conditions
in previous studies and are typical for conventional diesel combustion at equivalent
loads. The boundary for latest the SOIC1 injection was limited by the onset of misfire
noticed in split injection conditions retarded beyond this point (-24◦ ATDC). Due to
the relatively large region of interest for injection timing, small dwell timings (<9◦CA)
for close spaced injections are not covered in the study. Anselmi et al. [100] show the
benefits of close-spaced split injections in modulating heat release rate and emissions
formation via spatial distribution of fuel mixtures. However, it is thought that at the
global equivalence ratios encountered (and current engine conditions) in the present
8.5% YO2 and 12% YO2 tests, close spaced injections would not fully exploit the limited
oxygen available for near TDC injections. For earlier injections, unacceptable cylinder
pressure rise rates and over-advanced phasing would be problematic for close spaced
injection strategies.
A constant fuelling quantity of 16 ± 0.2 mg/cycle was maintained at an engine speed
of 1500 r/min. At 1500 r/min the listed SOIC timings are advanced 1◦ CA from the
actual SOI timings. A convenient way of presenting the injection event based on the
fuel control levers is one where start of the 1st injection command (SOIC1), Ratio and
Dwell are specified. Figure 4.3 and the corresponding equations (4.1), (4.2) show when
and how much fuel is introduced into the combustion chamber during a cycle.
For the double injection strategies to be applied in this study, the injection ratio (R) is
defined as the ratio of the injected fuel mass in the first injection relative to the total
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injected fuel mass:
Ratio,R= m1/(m1+m2) (4.1)
Injection dwell is defined as the time period in crank angle degrees between the start of
the 1st injection and the start of the 2nd injection given by:
Dwell,D= SOIC2−SOIC1 (4.2)
FIGURE 4.3: Representation of Dwell, Injection timing and mass delivered for
defining ratio, R.
4.4 Results
The following results provide improved understanding of mixing dynamics in split
injection LTC first at the highly dilute condition, and then at the moderately dilute
condition for the same fuelling quantity per cycle. The results also demonstrate the
usefulness of DoE techniques in economically illustrating the ‘landscape’ of engine
behaviour based on input parameters.
4.4.1 Fuel spray-bowl interaction
Fuel spray impingement with the piston bowl lip becomes an influential factor for early
injections. Impingement has been shown to have both negative (surface wetting leading
to increased HC) and positive effects (better squish-bowl fuel distribution) on emissions
in LTC [44, 58]. Figure 4.4 gives an illustration of fuel spray characteristics for this
engine set-up. Spray penetration analysis was carried out by Sarangi et al. [58] for LTC
conditions tested which showed spray interaction with the bowl lip for SOIC1 timings
between - 30◦ and -36◦ CA ATDC. This analysis was confirmed by in-cylinder imaging
using a borescope (not shown here) [12].
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FIGURE 4.4: Spray penetration analysis showing spray impingement on the piston
bowl lip for the fraction of the fuel injected during the 1st injection event; SOIC1 -36◦
CA ATDC, positions of the piston and the spray are shown 2◦ CA after SOI1. The
distance from the injector to the spray tip is in mm. Reproduced from [14]
4.4.2 Intake oxygen sensitivity
The intake oxygen values at engine steady state conditions in LTC were subject to
variations which could be controlled to ±0.5% by controlling valves located in the
exhaust and intake flow paths. It was discovered that at the lowest values of intake
oxygen tested in this work, deviations from the desired value within indicated limits
had a significant effect on combustion. GIMEP, CO and HC values varied by as much
as 24% ,40% and 48% respectively when the oxygen concentration was increased by
0.5% from a nominal value of 8.5% YO2. As a comparison, at 10% YO2 these variations
have been reported as 14%, 10%, 10% [58] respectively. For the tests carried out at
12% YO2, the values of GIMEP and HC emissions showed no noticeable correlation
with intake oxygen variations for the repeated centre points. However, it was found that
a 1% change of intake oxygen gave rise to a 118% difference in output CO. Figures 4.5
and 4.6 demonstrate the effects of intake oxygen described above. It was found, in the
case of the 8.5% YO2 cases, that the primary effect of the variation in oxygen was to
advance combustion closer to TDC (CA50 advances from 9◦ to 4◦ CA ATDC) which is
then manifested in higher GIMEP. This effect was more pronounced than an expected
increase in combustion efficiency with more available oxygen. Due to the small sample
size and the overall focus of the work reported in this chapter, the phenomena was
not investigated further and data relating the advancing of CA50 is not shown. CO
correlation at 12% YO2 is also shown in Figure 4.6. Design Expert DX-8 statistical
analysis software was able to account for changes in those output parameters sensitive
to intake oxygen values by modelling the relationship between variations in oxygen and
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all measured output parameters. This way, the model developed for output variables of
interest (HC and CO) are based on YO2 values rather than using raw experimental data
which are potentially misleading.
FIGURE 4.5: Variation in GIMEP due to changes in fuel metering input parameters
alongside model corrected values for constant 8.5% YO2.
FIGURE 4.6: Repeated centre-point values for HC and CO at 12%±0.5% YO2
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4.4.3 CCD model 8.5% test results
A full results table containing all test inputs and outputs is given in Appendix B. The
values of HC and CO observed during the tests, although high, are typical of the low
YO2 values used. These compare reasonably well with values obtained previously at the
same condition [12] using single injection strategy (80 g/kg of fuel and 300 g/kg of fuel
for HC and CO respectively).
4.4.3.1 Hydrocarbon emissions
The contour maps for HC emissions were derived from regression analysis model
created using Design Expert DX-8 software. The DX-8 software was used to ensure
that only statistically significant terms (> 90% confidence) were permitted in the final
regression model. It was immediately apparent from the data shown in Figures 4.7
and 4.8 that there was a gradual convergence towards an optimum setting for minimum
HC with the selected midpoints held constant. Figure 4.7 shows a general increase
in HC emissions with a corresponding increase in injection dwell in some regions
of the contour map whilst the reverse was observed in other localised regions. This
non-uniform behaviour suggests significant interaction between the individual factors.
Variation in dwell alone refers to advancing or retarding the point at which the second
injection event occurs. It was found that for most SOIC1 values retarded beyond - 36◦
ATDC, the dwell required for minimum HC was the smallest value possible. When
SOIC1 is retarded, this retards the value of SOIC2 for a constant dwell value. It follows
that it combustion phasing is being retarded beyond its optimal point and later into
the expansion stroke, minimising the dwell will help to mitigate the resulting negative
effects on emissions performance. In these regions, it is thought that the increasingly
retarded second injection event allows the fuel has less time to mix and react with the
available oxygen before expansion quenches combustion. Figure 4.10 illustrates this
behaviour with heat release rates. These points were selected in a region where the
HC relationship with dwell was consistent with what has been observed in the interval,
-24◦ ATDC to -36◦ ATDC. As the combustion phasing became increasingly retarded
with increased dwell, a significant reduction in the peak heat release and an increase
in combustion duration was observed. These all point to a slower, cooler combustion
which is increasingly more susceptible to quenching in the expansion stroke. Advancing
SOIC1 helps to somewhat mitigate this effect as can be seen with decreasing HC values
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when moving horizontally left on the contour map. This is because it helps advance
combustion and hence, to reverse the effects described previously.
FIGURE 4.7: Contour map displaying
HC emissions variation in response
to interaction between the injection
timing and dwell values investigated.
Values presented here are for 8.5%
YO2, Injection ratio held at mid-level,
R = 0.5.
FIGURE 4.8: Contour map displaying
HC emissions variation in response to
interaction between the ratio and dwell
values investigated. Values presented
here are for 8.5% YO2, SOIC held at
mid- level, SOIC1 = -36◦ ATDC.
FIGURE 4.9: The effect of advancing
SOIC1 alone on heat release rate at
8.5% YO2. Ratio and dwell are held
at 0.5 and 21◦ CA respectively for all
3 tests.
FIGURE 4.10: The effect of increasing
dwell alone on heat release rate at
8.5% YO2. Ratio and SOIC1 are held
at 0.5 and -36◦CA ATDC for all 3 tests.
Advancing SOIC1 beyond -36◦ ATDC, an increase in dwell from the minimum was
actually beneficial to lowering HC emissions. This represents a reversal in the trend
described earlier and indicates that another mechanism now dominates HC emission
in this region. The benefits of advancing combustion phasing in LTC have been
documented by [94] to include increased ignition delay (hence increased mixing time),
high temperature heat release phased closer to TDC, increased combustion temperature
leading to faster diffusion oxidation processes and delay of onset of bulk quenching.
Figure 4.9 demonstrates the effects of advanced SOIC1 in increased heat release peak
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and reduced combustion duration. Following on from this, it is expected that at more
advanced fuel injection timings, having a minimum value of dwell (hence injecting the
total fuel quantity earlier) would further advance combustion phasing and reduce HC
emissions. However, the contour map shows an increase in dwell from the minimum
point as SOIC1 is advanced for optimum HC. It is postulated that the spatial and
temporal distribution of the fuel contributes to a trade-off with advanced injection of
SOIC2 in achieving improved combustion efficiency.
FIGURE 4.11: Illustration of possible fuel paths for single and split injections plotted
in φ-T space. Redrawn from [15]
.
The Equivalence Ratio - Temperature map (φ - T ) [15] in Figure 4.11 illustrates the
general relationship between equivalence ratio, temperature and PM/NOx formation. It
can be used to explain the expected behaviour of a fuel packet in LTC as it is injected,
mixes and undergoes combustion. Upon injection, the local equivalence ratio is usually
relatively high since the fuel is still in a liquid/vapour form and air entrainment is
only just beginning. The potential benefit of a split injection is in being able to inject
a fraction of the total fuel quantity at one instance—immediately lowering the local
equivalence ratio compared to a single injection—allowing that portion to travel along
its estimated path on the equivalence ratio-temperature map as it physically diffuses
to the extreme parts of the bowl. After the delay induced by the dwell duration, the
second injection is introduced into a relatively fuel lean mixture and follows its own
path. Splitting the injection allows for spatial and temporal separation of fuel which
is thought by the authors to enhance mixing and vaporisation by hot ambient gases.
If suitably optimised, there will be greater utilisation of the oxygen available in the
cylinder within the limited time before ignition. Barring significant drawbacks such
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as excessive wall wetting, over-mixed charged or compromised combustion phasing,
this will result in improved combustion efficiency with reduced emissions of HC and
CO.
A major source of HC in moderate load/low oxygen concentration LTC is undermixed
fuel [57, 92] so that at the operating conditions tested it is highly likely that improved
mixing would reduce HC emissions through leaning of rich mixtures. The increase in
dwell required for minimum HC as SOIC1 is advanced further is thought to be related
to optimal fuel distributions prior to ignition in the cylinder.
The Ratio-Dwell contour map in Figure 4.8 provides added insight into mixture
preparation dynamics with split injections. The behaviour observed here further
reinforces the assertion that fuel distribution plays an important role in reducing HC
emissions. There appears a diagonal line along which the minimum HC emissions are
predicted to occur. In the region above the diagonal line, any increase in dwell results
in an increase in HC whilst an increase in ratio results in a decrease in HC as more
fuel is transferred to earlier in the cycle thereby advancing combustion phasing and
cumulative fuel mixing time for improved combustion efficiency. These relationships
do not exist below the diagonal line. It was observed in this region that increased ratio
for a constant dwell, at midpoint SOIC1, results in increased HC emissions. This is
opposite to the relationship observed above the line which indicates the dominance of
a different mechanism. Since there is a relatively short dwell range available below
the diagonal line, it is postulated that the increase in HC corresponding to an increase
in ratio is due to the fact that the increased fuel quantity in the first injection is not
given enough time to mix before the second injection is introduced. Therefore, a
comparatively richer mixture at ignition is produced due to excessive overlap of the
individual fuel ‘packets’. Conversely, for a small value of ratio, R, at a low (constant)
dwell, the smaller fuel quantity introduced in the first injection requires less time to
disperse before the second injection when the bulk of the fuel is introduced. The
dominant mechanism here is fuel distribution especially the ability to allow separate
fuel packets to mix independently and have their individual paths on the φ-T map. This
is why the minimum line is diagonal; to maintain optimum mixture distribution, dwell
increases to give more mixing time and spatial separation for the first injection as the
ratio, R, increases.
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4.4.3.2 Carbon Monoxide
Carbon monoxide (CO) emissions are an indicator of completeness of combustion and
along with HC emissions reflect overall combustion efficiency. In an ideal combustion
process, CO will be created via partial oxidation of HC as an intermediate species
that is subsequently oxidised to carbon dioxide before combustion is quenched in the
expansion stroke. CO oxidation to combustion products occurs under unique conditions
of temperature range, reactant availability and relative time constant of ambient species.
Most notably CO cannot compete with HC intermediates for oxidising agents such as
OH, due to the large disparity in their reaction constants [93]. Therefore any deviation
from ideal conditions, be it through poor mixing dynamics, or insufficient time at given
conditions or low heat release rate / in-cylinder temperatures will almost inevitably lead
to a rise in CO emissions. The contour map for CO is displayed in Figure 4.12. The
behaviour observed here is not fully understood and is described within the context of
the results obtained from the confirmation tests.
The ratio, R, versus SOIC1 contour map is the only one deemed statistically significant
by the design expert software, hence no other contour maps are presented here. This is
not to categorically conclude that there is no interaction between combinations of other
factors (Ratio/ Dwell or Dwell/SOIC1) for CO but rather to state that for the conditions
tested and the test run performed, the only statistically significant model is the one
displayed. The contour map shows that for SOIC1’s advanced past -30◦ ATDC, there is
a decrease in CO with an increase in fuel portion in the first injection (increased ratio,
R). This concurs with Koci et al. [44] who varied ratio, R, for constant dwell and SOIC1
and found that high values of ratio for a split injection gave the minimum value of CO.
The suggested mechanism behind this behaviour, also noted by [94], is the increase in
ignition delay, and hence mixing time, for a higher proportion of the total fuel mass
leading to more complete burning than for injection regimes with the fuel mostly in the
second injection. The same mechanism can be observed for advancing SOIC1, which
sees a decrease in CO as SOIC1 is advanced although this is only valid for regions in
which ratio, R > 0.4, i.e. regions demarcated in Figure 4.13.
The increase in CO with increased ratio, R, at very late injections (-24◦ ATDC) and
the increase in CO as fuel injection is advanced for small ratios labelled in diagram
as ‘A’ and ‘B’ are two yet to be explained phenomena. A potential reason for the
observed behaviour might be undesired interactions—such as cylinder wall wetting and
piston impingement—between the injected fuel and the combustion system leading to
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an unfavourable fuel distribution. Tests performed at 12% YO2 provide further insight
and will be covered in Section 4.4.4.1.
FIGURE 4.12: CO emissions variation
in response to interaction between the
Ratio and SOIC1 values investigated at
8.5% YO2. Dwell held at mid-level,
21◦.
FIGURE 4.13: Contour map from
Figure 4.12 with annotations and
demarcations for trends described in
text. Dwell held at midlevel, 21◦
, 8.5% YO2.
4.4.4 CCD Model 12% YO2 Test results
The increase in combustion temperature that accompanies increased YO2 for a given
load results in increased combustion efficiency in LTC. The limiting factor for further
increases is the high smoke emissions encountered as combustion conditions shift
towards increasingly dominant soot production processes (the soot ‘bump’) [106]. One
way of suppressing or delaying this soot emissions peak is by enhanced premixing
(increased YO2 serves to decrease the ignition delay due to higher temperatures and
oxygen concentration but also increases oxidiser entrainment rates). For the 12% YO2
condition, the decrease in ignition delay and increase in rate of heat release due to
greater intake oxygen concentration shifts the emphasis of split injections from dwell
to absolute position of the second injection (SOIC2) for acceptable combustion. This
is because the position of the SOIC2 becomes crucial to controlling the phasing of the
combustion [58] (regardless of the SOIC1 injection timing) such that SOIC2 necessarily
replaces dwell in the CCD. The pressure rise rate becomes more critical at increased
YO2 values as cool flame chemistry and high temperature heat release is sped up by
increased oxygen concentration. This leads to a higher rate of heat release for both
the premixed and mixing controlled combustion. For a single injection, this tends to
require retarding injection phasing in order to avoid over-advanced combustion phasing
and undesirable noise (PRR). For split injection cases, this is somewhat mitigated by
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the fact that a proportion of the fuel can be injected into cooler, less pressurised gas at
earlier crank angles for mixing purposes. The second injection is then located close to
TDC in order to modulate heat release behaviour and its effect on emissions. The global
equivalence ratio for this condition is maintained close to 0.90.
Pressure rise rates for the test run at 12% YO2 ranged from 6 bar/◦CA to 15 bar/◦CA.
Ideal targets for acceptable combustion fall in the range of <10 bar/◦CA but for
completeness of the CCD, values greater than this were permitted into the model. Post
processing can be carried out to exclude undesirable pressure rise rates.
4.4.4.1 Carbon monoxide
Carbon Monoxide production at 12% YO2 compared to the 8.5% YO2 is significantly
reduced even without optimising input factors due to the obvious increase in charge
temperature [107] and oxygen availability for late cycle oxidation of CO [45, 47]. The
presence of high smoke (up to 6 FSN) emissions in a large portion of the design space
(Figure 4.16) affects engine-out CO emissions more than in the 8.5% YO2 condition
(with mostly <1 FSN values). This is because soot emissions are normally partially
oxidised to CO (via OH oxidation) [93] given sufficient reactants and temperature.
Soot emissions proceed from decomposition of hydrocarbons chains in the absence of
sufficient oxidising agents, i.e. a rich mixture. With a global equivalence ratio close
around 0.90, if the mixture is homogeneous this would be out of the range of the PM
peninsula on a typical (φ - T) plot. Net soot production can therefore only result from
the presence of locally high equivalence ratios during the combustion process.
CO emissions have been shown to trend with HC emissions for injection sweeps in
LTC [92] as they have similar sources (local equivalence ratios either too rich or too
lean for temperatures to achieve promote rapid oxidation). However, this present work
shows that CO behaviour does not always mirror HC behaviour. Contour maps for
both the 8.5% YO2 and 12% Y O2 cases clearly indicate different optimal positions
for minimum CO/HC. While it is true that CO and HC are products of incomplete
combustion, Natti et al. [93] explain that the they both compete for oxidising agent
OH whilst temperatures are sufficient to support oxidation. HC however is preferably
oxidised (about 4 times faster) whilst CO is only converted to CO2 after most of the HC
has been consumed. As a result, CO emissions trend may be inverse to HC emissions
based on the state of the combustion process at the time that the majority of the charge
reactions are quenched. Musculus et al. [27] expand further on this using simulations
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of n-heptane vapour phase gas to show how leaner mixtures still achieve second stage
ignition (where most HC intermediates are converted to CO) but expansion quenches
the slower bulk CO oxidation reactions leading to high CO emissions. As mixtures
become increasingly leaner and temperatures fall, second stage ignition may not be
achieved as readily, which in the end may cause an increase in HC and the decrease
in CO. The importance of efficient premixing of squish area oxygen with injected fuel
in LTC has long been established [14, 27, 44]. Ekoto et al.[11] have shown squish
area CO as the dominant source of CO in LTC due in large part to temperature limited
lean mixtures created in the crevices/squish areas. Improved combustion efficiencies
have been attained by splitting the injection spray adequately between the piston bowl
and the squish zones to better utilise available oxygen, even at the expense of increased
impingement. The model generated CO contour maps in Figures 4.14 and 4.15 will be
used to establish if these mechanisms are dominant at the conditions tested. Figures 4.16
and 4.17 also provide model information for smoke emissions useful in describing CO
evolution.
FIGURE 4.14: Contour map
displaying CO emissions variation
in response to interaction between
SOIC1 and SOIC2. Values presented
here are for the Ratio held at mid-
level, R = 0.5.
FIGURE 4.15: Contour map
displaying CO emissions variation in
response to interaction between the
ratio and SOIC1. Values presented
here are for SOIC2 held at mid-level,
SOIC2 = -12◦ ATDC.
Most of the design space has a high smoke characteristic, which supports the idea that
CO formation is at least in part, due to the presence of rich mixtures that do not fully
mix with the available oxygen and oxidise before combustion is quenched. CO and
smoke plots do not show similar contour shapes which also suggests that presence of
different formation mechanisms. Minimum CO is obtained for the conditions displayed
in the contour maps around the same areas where smoke is at its lowest which further
supports the theory of CO tracking smoke and hence being due to rich mixtures. Logic
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FIGURE 4.16: Contour map
displaying Smoke variation in
response to interaction between the
1st and 2nd injection timings, SOIC1
and SOIC2. Values presented here are
for the Ratio held at mid-level, R = 0.5
FIGURE 4.17: Perturbation plot
showing sensitivity of output smoke to
changes in input parameter. Reference
point refers to Ratio (A) =0.6, SOIC1
(B) = -42, SOIC2 (C) = -15
would suggest that the best premixing would result in the lowest equivalence ratio
at ignition and subsequently the lowest soot production upon high temperature heat
release. However, the minimum measured smoke area predicted by the model is at the
earliest timing for SOIC1 but, importantly, not SOIC2.
Inspection of the experimental points which yielded low smoke (<1 FSN) showed that
one of the common characteristics for low smoke in the 12% YO2 condition was the
injection of the 2nd quantity during or just before the cool flame reactions of the first
injection quantity. The perturbation plot in Figure 4.17 shows the sensitivity of the
output to changes in the fuel path control levers for an original test point which achieves
a smoke FSN value less than 1. This reflects the difficulty in attaining low smoke
emissions at increased intake oxygen values where there is a delicate balance between
the soot creation and soot oxidation processes.
Looking at Figure 4.14, it is suggested that overmixed sources of CO may start to
dominate at condition SOIC1 = -48◦, SOIC2 = -18◦ (B) which would be in agreement
with the smoke emissions model and the rise seen from SOIC2 -15◦ to -18◦ (A-B).
Retarding the SOIC1 from -48◦ to -24◦ (C) brings about a significant increase in CO
as well as smoke. At this condition both injections are into the re-entrant bowl and the
squish area oxygen is not immediately utilised by the injected fuel. It is thought that
the non-optimal fuel distribution combined with relatively short ignition delay leads to
richer mixtures which produce more CO and smoke (accompanied by a slight increase
in HC).
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At higher dilution rates, the given injection timings at (C) would likely result in
low engine out smoke, the temperatures encountered at this 12%YO2 condition mean
that hydrocarbon decomposition to soot for the local equivalence ratios is dominant.
Therefore, improved mixing and optimal spatial distribution of the injected fuel is
required to avoid the soot peninsula of the (φ - T ) map. It is likely that improving
spatial distribution is the dominant mechanism as SOIC2 retards from -18◦ and -12◦
CA ATDC (for constant SOIC1 = -24◦ CA ATDC). Moving from (C) to (D) brings a
gradual reduction in CO (and HC) despite the potential retarding combustion later into
the expansion stroke. This is thought to be due to better spatial distribution of the fuel
between SOIC1 and SOIC2 being more dominant than a potential increase in CO due
to quenching in the exhaust stroke. Another important point to note is the increase
in smoke during this retardation suggests that CO (and HC) is being dominated by
soot production since the second injection quantity begins to have progressively shorter
ignition delays before premixed heat release.
There is a valley of minimum CO encountered at (D) that runs diagonally across as
indicated in the figure. This is thought to be due to a minimum point between two
dominant mechanisms. These are the rise in CO due to later combustion phasing and
richer mixtures at hot ignition as SOIC2 is retarded from (D) to (E) and increasingly
poor fuel spatial distribution as SOIC2 is advanced towards SOIC1 at (C). Point (E)
is a combination of the earliest possible injection for SOIC1 and the latest for SOIC2.
The rise in CO from (D) to (E) is thought to be due to overmixing and wall wetting
from SOIC1 combined with late combustion of rich fuel packet in SOIC2. This is also
supported by a rise in HC from ≈ 20 g/kg to ≈ 80 g/kg.
Figure 4.15 offers a strong similarity with the 8.5% map (Figure 4.12) for the CO
behaviour with respect to R and SOIC1. As previously described for the 8.5% YO2
condition, there are 4 distinct ‘quadrants’ separated vertically and horizontally (slightly
at an angle) by areas of equal CO emissions. There is no firm explanation for this
behaviour at 8% but the presence of high soot emissions in the 12% YO2 design space
hints at a possible reason for the CO behaviour predicted.
At early injection timings, there is an expected correlation between increased R and
lower output CO as dominant under-mixed sources of CO are becoming leaner with the
extended ignition delay. At later injection timings, this behaviour is reversed. In this
case (SOIC1=-24◦) both the first and the second injection quantities are fully contained
by the re-entrant bowl. Richer mixtures are then expected due to the shorter ignition
delay and the poor utilisation of squish area oxygen. For ratio, R = 0.2, a small portion
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is injected in the first injection but the bulk of the fuel (80%) is injected late. This
injection takes place in close proximity to high temperature heat release (HTHR) and
produces a lot of smoke. Point prediction using the generated smoke model predicts
FSN values of 6. When R is increased to 0.8 in the first injection, local equivalence
ratios are greatly improved due to improved mixing and smoke falls but CO rises (FSN
model prediction falls to 4). It is thought that the fuel injection strategy causes a
substitutionary effect of CO and smoke for these two conditions which display poor
emissions performance.
On the other hand, for a small R value, CO increases with advancing of SOIC1 as better
premixing occurs to ensure soot is replaced by CO. Point prediction values for smoke
predict a fall from 6 to <2 as CO rises from 70 g/kg to 180 g/kg. Some over-mixing
of the initial packet of charge might also contribute as CO is advanced to the earliest
values.
4.4.4.2 Hydrocarbon emissions
FIGURE 4.18: Contour map
displaying HC emissions variation
in response to interaction between
SOIC1 and SOIC2. Values presented
here are for the Ratio held at mid-
level, R = 0.5.
FIGURE 4.19: Contour map
displaying HC emissions variation in
response to interaction between the
ratio and SOIC2. Values presented
here are for SOIC1 held at mid-level,
SOIC1 = -36◦ ATDC.
When analysing unburned hydrocarbon emissions for the 8.5% intake oxygen cases,
the dominant mechanism was observed to be charge mixing time in what was a globally
rich mixture. Therefore, increasingly advanced injection events were beneficial despite
the increased risks of wall wetting and hydrocarbons trapped in crevice areas. At 12%
intake oxygen, the ambient temperatures are significantly higher and global equivalence
ratio is lean. This is evidenced by the higher exhaust temperatures (240 ◦C to 275 ◦C)
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and NOx emissions (0.3 g/kg to 2 g/kg) for the 8.5% YO2 condition compared to the
12% YO2 case. As a result, increasingly advanced injection strategies do not necessarily
give the best HC performance. It is thought that bulk gas mixture contributions will be
reduced overall due to extended rich and lean combustion limits at higher temperatures.
Hence, the HC contributions from surface wetting and crevices may now have a greater
influence on total HC. The best HC figures from the SOIC1/SOIC2 map in Figure 4.18
come at the most retarded values for both injection events. The late nature of the
optimum point may suggest early injection strategies are causing over-mixing of the
charge or crevice HC is leading to increased overall HC. However, the coincidence with
areas of high smoke (Figure 4.16) seem to suggest rich mixtures are prevalent. The
same input factors at the 8.5% YO2 condition would have led to high HC (and CO) due
to a highly retarded combustion event. At 12% YO2 there is high smoke (FSN = 6)
which accompanies the unexpected low HC at this condition. This large smoke penalty
accompanying an improvement in both HC and CO emissions is encountered numerous
times in the design space due to the increased temperatures and consequently shorter
ignition delays. This low HC / high smoke result essentially renders this high EGR LTC
condition ineffectual (as smoke and NOx are essential to LTC operation). Focus will
subsequently be directed at low smoke conditions but a brief discussion of the design
space contour maps generated will be presented.
Since the earliest injection timings coincide with low smoke, it is likely that HC
emissions at this condition are dominated by either overmixing and / or wall wetting HC.
When SOIC1 is retarded for the same SOIC2 (-18◦ CA ATDC), poor spatial distribution
of fuel accompanied by the late injection timing at higher temperatures (shorter ignition
delay) leads to an increase in HC from rich sources. This is supported by the increase
in smoke emissions at this condition (FSN ≈ 4). As mentioned earlier, late injections
for SOIC1 and SOIC2 generate the lowest HC emissions. This condition is likely to
generate a highly under-mixed charge at ignition which, due to the available temperature
causes significant decomposition of HC to soot. The SOIC2-Ratio contour map for HC
(Figure 4.19) displays the same issues with smoke emissions. Smoke values for 3 points
which were tested are shown on the map. They are all above the ideal limit of 1 FSN.
Retarding injection timing along these points, (SOIC2 = -18◦, -12◦, -6◦) one can see the
best HC emissions occur at -12. As SOIC2 is retarded the soot values rise whilst HC and
CO fall to a minimum and then rise. It is understandable from the heat release trace in
Figure 4.20 why the condition at SOIC2 = -6◦ has its values (high HC, CO and smoke).
Injection of the second fuel mass occurs after the HTHR and splits the heat release
trace into 2 peaks. This phenomenon has been observed and investigated in detail by
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Kashdan et al. [46]. The soot rises markedly because the second injection entrains the
hot combustion products of the first injection reaction forming a high temperature rich
mixture. Emissions of both CO and HC also rise because of the extension of combustion
into the rapidly cooling expansion stroke.
Still referring to Figure 4.19 a ratio sweep at SOIC2 = -12 gives markedly different
pattern to that shown by the experimental data. Although the centre point value (-
36◦,-12◦,0.5) is close to the model prediction, there is a large discrepancy with the star
points (which are at the edge of the design space). This pattern is not captured due
to the minimal leverage star points have on the overall model. It is likely that model
discrepancy is due to the an overriding relationship between out-of-plane parameters.
For this reason, central composite design models are generally recommended to be used
only within the edges of the ‘box’ in Figure 4.2.
FIGURE 4.20: Change in heat release behaviour due to variation in SOIC2 for constant
SOIC1 and Ratio.
4.4.4.3 Confirmation tests 8.5% YO2
In order to test the ability of the model predict untried combinations of input parameters,
a series of confirmation test points were tested experimentally and compared to values
predicted by the DoE software. These points are selected to test different areas in
the original experimental design envelope and are shown in the Table 4.2. Tests 1-6
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were located near the centre point, Test 7 represents model predictions for combined
minimum of HC and CO whilst Tests 8 and 9 were located close to the design
boundaries. For the HC results shown in Figure 4.21, it can be seen that the predicted
values consistently under-estimate the actual tests results even though 8 out of the 9
tests fall within the confidence intervals determined by the statistical software. The
agreement is judged to be satisfactory as the model broadly estimates emissions data
obtained from the experimental tests.
The CO confirmation test results in Figure 4.22 illustrate the level of uncertainty present
in the data collected for CO emissions at this highly dilute condition. As with the HC
counterparts, there is a broad agreement between the predicted and actual emissions
values for 8 out of the 9 test points, the size of the confidence limits prescribed by the
statistics software indicate that there is no statistically significant difference between
the 9 individual test points with respect to CO emissions. The CO emissions were
beyond the range of the Horiba MEXA 7100HEGR (5000 ppm) and hence they were
measured using a MEXA 485 Exhaust gas analyser which had lower resolution and
accuracy as described in Chapter 3. This resulted in a high level of variability in repeat
tests and wider confidence limits for stated values. Nonetheless, it should be noted that
the predicted results closely follow the observed trends.
TABLE 4.2: Confirmation Test Points (1500 r/min, 16 mg/cycle, 8.5% YO2)
Run R SOIC1 Dwell O2
1 0.45 -33 24 8.66
2 0.55 -39 24 8.47
3 0.45 -39 18 8.45
4 0.55 -33 21 8.39
5 0.50 -27 21 8.70
6 0.45 -36 18 8.52
7 0.50 -48 30 8.83
8 0.25 -48 24 8.84
9 0.80 -36 12 8.34
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FIGURE 4.21: Comparison of
measured and predicted HC emissions
at confirmation test points
FIGURE 4.22: Comparison of
measured and predicted CO emissions
at confirmation test points
Optimisation and model confirmation 12% YO2
In order to extract reliable information from the generated model, it is important to
study areas in the design space where low smoke and low NOx benefits of LTC are
present. Based on previous sections, it is known that due to the increased temperatures
and reduced ignition delay, low smoke areas with acceptable pressure rise rates in the
design space are limited. Figures 4.23 to 4.26 show the model prediction for low
smoke areas based on all three input factors. Smoke and maximum pressure rise rate
(MPRR) are the main constraints placed to ensure viable design points. The limits are
relaxed for each taking into account the potential error in the boundary values. It is also
important to expand the operable region to increase the potential to capture test points
which offer benefits and can be further optimised to remove their excesses in smoke
and/or MPRR.
FIGURE 4.23: Graphical optimisation
of CCD design space for SOIC1 and
Ratio. SOIC2 kept constant at -
12◦ATDC
FIGURE 4.24: Graphical optimisation
of CCD design space for SOIC1 and
Ratio. SOIC2 kept constant at -
13.5◦ATDC
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FIGURE 4.25: Graphical optimisation
of CCD design space for SOIC1 and
Ratio. SOIC2 kept constant at -
15◦ATDC
FIGURE 4.26: Graphical optimisation
of CCD design space for SOIC1 and
Ratio. SOIC2 kept constant at -
16.5◦ATDC
For all the low smoke conditions, NOx emissions were less than 0.5g/kwh. Accordingly
NOx are not reported in this chapter. Work to reduce NOx emissions even further will
be carried out in subsequent chapters.
Analysis of the design space shows that achieving low smoke emissions is only possible
with SOIC1 advanced of -36◦ ATDC. This is in agreement with investigations carried
out by Sarangi et al. [14] that showed a step rise in smoke (from 0.75 to 1.35) as SOIC1
was retarded from -39◦ ATDC to -36◦ ATDC. This change in SOIC1 also indicated
a crossover to ‘lip impingement’ area in the combustion chamber. It was concluded
that emissions and fuel consumption at this timing are strongly affected by spray-wall
interactions. It is likely that liquid which impinges on the piston surface from the
first injection persists until HTHR and significantly contributes to rich mixture soot
formation.
As in the 8.5% YO2 cases, the worth of the model is judged by the accuracy in predicting
responses to points not visited during the testing. Due to the limited region of interest in
the design space (low smoke, low NOx, low MPRR) the model predictions for optimum
values of HC, CO, smoke are tested experimentally and a comparison with the predicted
values for such points is shown in Figures 4.27 and 4.28.
TABLE 4.3: Confirmation Test Points (1500 r/min, 16 mg/cycle, 12% YO2)
Run R SOIC1 SOIC2 O2
1 0.5 -43.5 -15 12.1
2 0.5 -43.88 -14.25 11.89
3 0.4 -48 -15 11.32
4 0.5 -48 -14.63 11.71
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FIGURE 4.27: Comparison of
measured and predicted HC emissions
at confirmation test points
FIGURE 4.28: Comparison of
measured and predicted CO emissions
at confirmation test points
The HC emissions predictions appear to be more consistent than the 8.5% YO2 cases
for the points tested. It is important to point out that none of the confirmation points
are statistically different from each other based on the confidence limits. Hence the
ability to judge the worth of the model is impaired by the size of the area of interest.
The minimum HC predicted and its experimental counterpart are indeed the minimum
attained from all tests. The CO figures on the other hand experience the same variability
and large confidence limits observed with the 8.5% YO2 test cases. The use of the less
accurate MEXA 554JE for CO measurements is the likely cause of this. Notably the
optimum points predicted by the model were found to exceed the desirable pressure rise
limits (MPRR = 14, 12,12, and 11 Bar/CA respectively). Achieving a suitable trade-off
whereby low MPRR is combined with low smoke and reduced products of incomplete
combustion is almost mutually exclusive within the remit of this design space. In
order to reduce MPRR, there is a requirement to reduce the premixed proportion;
perhaps by retarding SOIC2. However, this is expected to cause a rise in smoke
beyond the low values attained. Sarangi et al. [99] have noted that increased intake
pressure and injection pressure help to alleviate this problem, although these come at
the cost of increased overall EGR level. It is hypothesized that in-cylinder processes
which ‘naturally’ increase turbulence for enhanced mixing controlled combustion could
potentially shift the balance of soot creating/soot oxidisation processes in low MPRR
areas so that target smoke values may be attained. Incorporation of a wider range of
input parameters (such as swirl control and modified bowl geometry) which interact to
enhance mixing would be the focus of future investigations. Overall, the results shown
in this chapter indicate that the model is able to provide estimates in close vicinity to
the optimum points sought. This will reduce the quantity of experimental work carried
out in further studies.
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4.5 Discussion
The model contour maps provide an empirical relationship between input factors and
output parameters. This is based on statistically supported interpolation of strategic
experimentally tested points in the design space. Prior technical knowledge and
additional diagnostic techniques are desirable to support any description of observed
behaviour. In this chapter, hypotheses have been suggested based on phenomena
observed in other studies and on the analysis of heat release rate and emissions
data.
It is difficult to compare the present modelling results with other investigations into
fuelling optimisation in LTC. This is mainly because of the sensitivity of emissions
and other output parameters to differences in input factors between studies. This
is well illustrated by the difference in models generated at 8.5% and 12% intake
oxygen. Accordingly, it is expected that differences in parameters such as fuel injection
characteristics, piston geometry, compression ratio and boost pressure would render
direct comparisons null and ineffective. For example Koci et al. [44] explain that a
Ratio of 0.5 gives best efficiency but peak PM. However, this is for an investigation
with no dwell variation, differences in engine speed, intake oxygen, boost pressure,
injection pressure and range of injection timings considered. The model generated for
the 12% YO2 predict minimum for PM and GISFC at R = 0.5 (although with a different
SOIC1 for both). The SOIC1 limits in the present investigation are comparatively more
advanced and it is pointed out that further advancing of the limits in beyond the -35◦
ATDC boundary causes the PM emissions to reduce sharply due to improved injection
targeting and increased mixing time [44].
The necessity of cool flame conditions coinciding with the second injection event
for low net smoke output at the 12% YO2 conditions requires further investigation.
Although this has been encountered previously by other researchers, the mechanism
is not fully understood. There remains the potential to further improve mixing by
engaging and extending cool flame reactions through highly optimised injection events.
The difficulty in attaining low smoke emissions at 12% YO2 is due mostly to the
increased temperatures which enables soot formation processes. For successful cases,
soot formation is low enough that subsequent soot oxidation processes result in low
net smoke emissions. Hence, the emphasis at 12% YO2 is maintaining the balance
between MPRR and smoke whilst also trying to ensure a second injection event
coincides with the first injection cool flame reactions. This tends to mean that CA50
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values are advanced of TDC, typically around -5◦ ATDC whereas the CA50 values
for the 8.5% YO2 conditions are closer to 5◦ ATDC. The increased ignition delay and
reduced susceptibility to smoke enabled by the lower temperatures at 8.5% YO2 shift the
emphasis to optimising mixing low HC and CO. Due to the adverse global equivalence
ratio and narrow limits of combustion at these temperatures, mixing benefits are only
expected to reduce products of incomplete combustion to a limited extent.
4.6 Chapter 4 conclusions
A series of experiments have been performed to analyse the effects of fuel injection
parameters in split injection events on HC/CO emissions in high-EGR diesel low
temperature combustion (LTC). This work has resulted in a number of important
findings and conclusions:
1. This work has confirmed that fuel metering control (limited in this investigation to
injection ratio, dwell and timing) has a significant influence on charge preparation
and hence engine-out emissions.
2. The high-EGR LTC combustion process was shown to be highly sensitive to
minor variations in intake oxygen mass fraction. GIMEP, CO and HC values
were observed to vary by as much as 24% ,40% and 48% respectively in response
to a 0.5% change from a nominal intake oxygen mass fraction of 8.5%. A strong
correlation between intake oxygen and CO emissions was also found at the 12%
YO2.
3. The results have shown that the use of Central Composite Design (CCD) is
beneficial for modelling LTC. The trends modelled through CCD have been
shown to be consistent with those found in literature with respect to pollutant
behaviour caused by variations in fuelling parameters. This exercise has also
highlighted the requirement for repeatable, robust test conditions in order improve
confidence limits and variability which affect the predictive accuracy of the
model. The use of Design Expert, DX-8 has enabled the statistical analysis of
different test points on an equal basis despite the high combustion sensitivity at
very low intake oxygen conditions. Essentially the ‘error’ associated with small
variations in intake oxygen at the highly dilute conditions have been effectively
modelled so that output parameters can be compared for a fixed intake oxygen
value.
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4. For the engine operating conditions studied, increased ignition delay and mixing
time have the effect of reducing emissions of both CO and HC. However, there
are other mechanisms for each which result in opposing trends for HC and CO for
local areas of the contour maps. In some cases overmixing can also occur when
a small mass of fuel is injected very early. CCD is highly beneficial in helping to
find optimum points for minimising these outputs despite their differing formation
mechanisms.
5. At 12% YO2, soot becomes a major contributor to products of incomplete
combustion. As a result, LTC benefits are not realised. Enhanced fuel mixing
brought about by deliberate fuel injections into cool flame reactions can be used
in these conditions to tilt the delicate soot formation/oxidation balance favourably.
6. For the 8.5% YO2 cases, HC emissions were observed to rise with advancing
injection timing without attaining a maximum value or reaching a plateau.
This suggests that boundaries established by the onset for cylinder wall
impingement are limiting the potential benefits of an advanced injection timing.
Implementation of swirl control, bowl redesign and spray shape control may have
potential benefits in preparing the charge mixture for low emission operation.
7. At 12% YO2, optimisation of HC and CO becomes more complicated as pressure
rise rates and soot emissions are at the limits of acceptable combustion. Soot
emissions become an extra factor in the combustion efficiency as 12% conditions
enable a combustion path through the production and oxidation of soot particles.
4.7 Chapter 4 summary
This chapter attempts to investigate the effectiveness of fuel metering parameters in
improving combustion efficiency. This investigation develops from the hypothesis
that poor combustion efficiency is due to in-cylinder mixture preparation strategies
that are non-optimally matched to the requirements of the LTC combustion mode.
The effects of three key fuel path parameters - injection fuel quantity ratio, dwell
and injection timing - on CO and HC emissions were examined using a Central
Composite Design (CCD) Design of Experiments (DoE) method. The experiments
were performed at conditions representing high and moderate EGR mixing-controlled
LTC mode with a split fuel injection for all conditions. The experiments identified
the potential of fuel metering control for optimising HC emissions in LTC by showing
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the effects of fuel control parameters on fuel mixing quality and emission formation
mechanisms. Response surfaces created from the detailed statistical analysis give a
potent visualisation of the constraints on LTC operation. This in turn allowed for
improved prescription of combustion modifications with the potential to moderate
negative effects observed.
The next investigation will look at improving mixture preparation via fuel bound oxygen
found in biodiesel fuels. Conclusions from the current chapter have shown the need for
improved premixing especially at highly diluted conditions as well as improved soot
oxidation behaviour for moderate dilution. Fuel bound oxygen has the potential to
effect both these phenomena positively, however, the presence of other properties of
biodiesel fuel is likely to also confound the effects observed.
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Chapter 5
The Effects of Increasing Biodiesel
Content on HC Emissions in LTC
5.1 Background
The use of biodiesel as a renewable energy source to supplement petroleum diesel
has come about via legislative constraints that are aimed at managing fossil fuel
energy consumption. For conventional diesel combustion, a fairly disparate range of
results have been observed – partly due to non-uniformity of fuel feedstocks, volume
content, engine parameters and operating conditions for the studies. Nevertheless,
there is considerable agreement regarding the impact on fuel conversion efficiency
(no significant difference), smoke emissions (generally lower smoke emissions for
biodiesels), products of incomplete combustion (HC & CO generally less for biodiesel)
and NOx (increased for biodiesel) at high load conditions compared to standard diesel
fuels [108, 109]. In relation to engine hardware compatibility, biodiesel is known to
be miscible with petroleum diesel, have excellent lubricity and a high flash point [110].
However, there are concerns related to the decreased oxidative stability and degraded
cold flow performance [111].
This chapter aims to assess the compatibility of biodiesels with advanced diesel
combustion modes which may be integrated into engine maps in the medium to
long term. The unique features of MC-LTC that include oxygen-dilution, mixing
limited combustion and longer ignition delays may provide a potentially advantageous
opportunity to enhance combustion quality via differentiating properties of biodiesel.
In line with the underlying hypothesis of inadequate mixture preparation under LTC
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conditions, it is thought that the fuel bound oxygen within the biodiesel fuel allows for
the exploration of another degree of freedom in mixture preparation for MC-LTC.
Hydrocarbon emissions in LTC have generally been shown to predominantly be from
over-lean, slow burning mixtures at low load [11, 27, 112] and under-mixed/richer
mixtures at intermediate to high loads [113]. For biodiesel LTC studies, Peterson et
al. [114] identified and isolated two prevailing biodiesel properties; ignition quality and
volatility. It was found that ignition quality (based solely on cetane number) was the
main reason for the reduced HC emissions observed in low load LTC operation with
biodiesel. This was because a link was discovered between premixed burn rate and HC
emissions (regardless of fuel type). They highlighted the fact that for constant SOI’s,
biodiesels had shorter ignition delays due to higher cetane numbers; and B50-B10 (mass
fraction burned) times which led to reduced mixture overleaning and higher AHRR
respectively. These in turn resulted in more advanced combustion phasing that increased
combustion temperatures and global reaction rates, enhancing complete oxidation of
leaner mixtures during heat release. Although the impact on HC and CO are shown to
be positive, it is not mentioned if there is an adverse effect on thermal efficiency and
NOx as phasing is advanced further into the compression stroke. Interestingly, there was
no mention of the amount or effect of fuel oxygen content in the biodiesels used.
Zhu et al [115] found no difference in HC/CO performance with oxygenation for late
injection low load LTC. Zhu’s study set out to isolate the effects of oxygen content
alone on late injection PPCI. This was achieved by blending biodiesel with gasoline
and ethanol in order to block out other confounding properties. Results from this study
showed little difference in LTC behaviour as fuel bound oxygen was increased leading
to the conclusion that intake oxygen concentration was a more influential parameter
in LTC operation. Another late injection PPCI study identified the link between
increasing biodiesel content and premixed burn rate [116] summarised previously for
early injection PPCI. However, the subsequent relationship between burn rate and HC
was not observed. One potential reason for this is that combustion phasing is held
constant in late injection PPCI due to the overpowering effects phasing [117] has on
emissions via bulk gas quenching mechanisms – as a result the benefit of advancing
phasing is lost. In early injection PPCI, SOI tends to be held constant due to its influence
on spray distribution and the ensuing impact on emissions formation [58, 92, 94]. There
was no significant difference in emissions of CO and HC with increasing biodiesel
except for the case of neat B100 biodiesel for which the reduction in HC based on
the experimental data was left unexplained. It was speculated that HC could have
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condensed on to soot content (SOF) or even in the heat exhaust lines due to lower
volatility of B100.
The impact of oxygenation alone is not expected to significant for low load LTC since
there is significant premixing in a globally lean mixture. The premium on oxygen is
not so high at low load and the dilution requirements for NOx and soot suppression are
not as demanding. At higher loads, where a considerable amount of the fuel is burnt
in mixing controlled combustion and where there is the potential for soot production
and oxidation processes, the soot suppression and oxidation advantages afforded by
oxygenated fuels as seen in conventional diesel may be shown to impact emissions
performance. Essentially, the fuel oxygenation increases the effective local and global
oxygen equivalence ratio for a given intake oxygen concentration [118] so that for a
condition where the sources of incomplete combustion are likely to shift towards richer
mixtures, fuel oxygenation may become an important mitigating factor.
With respect to investigations carried out looking at biodiesel impact on medium-to-
high load LTC, Peterson et al. [114] looked at a higher speed, higher load condition
which was expected to produce HC mainly from fuel rich sources. The correlation
between B50-B10/CA50 and HC/CO was not observed at this condition although the
biodiesel fuels did show a slight improvement compared to standard diesel. It was
pointed out that the combustion was likely to be mixing limited rather than chemical
kinetics-limited so that the mechanism observed at lower loads had little impact
here.
This investigation will cover both a low load and medium load LTC condition. Standard
emissions and performance analysis as well as ‘fast’ Hydrocarbon measurements for
cycle resolved hydrocarbon sources will be used to understand the effect of increasing
biodiesel content on these two test conditions. Musculus [27] points out that the
initial ignition reactions proceed at a slower rate for LTC compared to conventional
combustion so that individual ignition stages are slowed down and more distinct in
the heat release analysis. Carrying on from previous studies on this topic [9], the
effects of biodiesel properties on low temperature heat release will be studied in order to
understand better the ensuing effects, if any, on the rest of the combustion event.
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5.2 Experimental Methodology
The experiments in this study were carried out primarily to investigate the effects of
increased biodiesel content on LTC at certain load conditions. A low load condition
with minimal drop off in combustion efficiency (∼97%) and an expected dominance of
overmixed sources of HC and CO; a medium load condition with significant drop off in
combustion efficiency (∼77%) and an expected dominance of undermixed sources of
HC and CO (due to equivalence ratios approaching unity). Biodiesel property effects
on emissions and pressure derived heat release are the main output parameters to be
analysed. A fast flame ionisation detector is used to gain added insight into the effects
of fuel properties on cycle resolved hydrocarbon sources. Four fuels were used in the
LTC study and are shown with their properties in Table 5.1.
5.2.1 Fuel properties
TABLE 5.1: Fuel properties.
Property B0 B15 B50 B100
Density at 15◦C (kg/m3) 833.6 840.3 858.0 883.6
Viscosity Vk40 (mm2/s) 2.8065 2.9673 3.495 4.5349
Heating Value (MJ/kg) 42.89 41.62 43.08 37.34
C content 84.94 84.13 82.1 77.76
H content 15.05 14.45 12.9 12.56
O content 0.03 1.42 4.84 9.68
Cetane Number 53.8 55 52.8* 61.2
90% distillation temperature, T90 ( ) 330.4 336.5 341.1 -
The cetane number for the B50 was supplied separately by a chemical analysis
contractor (Intertek UK) which gave a variability of 52.8 ±4.3. Despite the low value
reported, the experiments performed seem to support an actual cetane number in-line
with the increasing biodiesel content of the fuel.
5.2.2 Operating conditions
Prior to these experiments, a series of tests were carried out to gain an understanding
of the impact of these specific biodiesel fuel on conventional diesel combustion. Fuels
B0, B15 and B100 were tested over a series of speeds and loads with dilution rates
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TABLE 5.2: Operating Conditions for Conventional combustion tests
Parameters Condition 1 Condition 2
Speed (r/min) 1500 1500
GIMEP (bar) 4.3 6.8
CA50 (CA ATDC) 6 9
Injection Pressure (bar) 500 900
Intake Pressure (kPa) 1.1 1.5
Exhaust Pressure (kPa) 1.25 1.65
EGR 0-40% 0-40%
Intake Temperature (◦ C) 60 ± 5 70 ± 5
TABLE 5.3: Operating Conditions for LTC tests
Load GIMEP 3 bar nominal 6 bar nominal
Energy Input (Fuel mass x Energy content, kJ) 15.87 32.17
Engine Speed (r/min) 1500
Fuel Pressure (bar) 900
Injection Timing MBT
Injection mode Single
Intake Pressure (Absolute, kPa) 120
Intake Oxygen mole fraction 15% 9%
kept to well within those found in real world driving conditions (0-40% EGR). The
test conditions used for the ‘conventional’ diesel experiments were based on constant
combustion phasing (CA50). They give a brief insight into the impact of biodiesel
on performance and emissions at these conditions. This information is expected to
help understanding of any effects observed at LTC conditions despite the difference in
combustion conditions. For the LTC tests, engine fuelling is first set with standard B0
diesel at 0% EGR, 1500 r/min and 3 bar and 6 bar GIMEP. At this point the effective
energy delivery rate is held constant (the same for all fuels) as the intake oxygen
concentration is decreased through EGR dilution. Minimum advance for best torque
(MBT) timing is used to set injection timing during each EGR sweep but it was decided
that SOI for the LTC tests points analysed should be the same across fuels to ensure
similar piston position and thermal energy conditions during injection.
Operating conditions for the experiments are given in Table 5.2 for the conventional
diesel preliminary tests and in Table 5.3 for the LTC (bounded by 20 ppm NOx and less
than 1 FSN) is manifested at different levels of EGR / intake oxygen for the low load
and high load conditions.
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5.3 Results - Conventional Diesel Preliminary Tests
The main observations from the conventional tests are summarised in Figures 5.1-
5.8. The data shows that B100 consistently produces lower smoke numbers for all
the conditions tested. The differences observed are mostly significant according to
the statistical criteria used with the main exceptions being regions of very low smoke
values or low injection pressure of Condition 1. This observation is supported in
literature [119, 120] where it is generally accepted that there is a noticeable decrease in
PM emissions with biodiesel content due to the presence of oxygen in typically fuel-
rich regions helping to suppress soot formation and enhance soot oxidation. B15 is
not found to be statistically different from B0 for all conditions although the trends
seem to suggest a slight advantage for most conditions. NOx emissions show no
statistically significant differences with respect to fuel biodiesel content. It is reported
in literature that there is an increase in NOx with biodiesel content centred around
increased cetane number (CN), advanced injection timings (due to fuel rheological
properties) and increased oxygen availability. Control of combustion phasing as well
as low global equivalence ratios for conditions tested may have confounded the ability
to observe this phenomenon in the data collected. There are no statistically significant
differences for CO or HC between these 3 fuels.
FIGURE 5.1: Smoke emissions for Condition 1 against EGR%.
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FIGURE 5.2: Smoke emissions for Condition 2 against EGR%
FIGURE 5.3: NO x emissions for Condition 1 against EGR%
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FIGURE 5.4: NO x emissions for Condition 2 against EGR%
FIGURE 5.5: CO emissions for Condition 1 against EGR%
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FIGURE 5.6: CO emissions for Condition 2 against EGR%
FIGURE 5.7: HC emissions for Condition 1 against EGR%
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FIGURE 5.8: HC emissions for Condition 2 against EGR%
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5.4 Results - LTC
Biodiesel properties are invariably dependent on the feedstock. The differences in
cetane number (and hence ignition quality) and density [121], fuel bound oxygen [115],
volatility [114] and even hydrocarbon families [122] present have been shown to
influence fuel combustion behaviour.
The biodiesel content and properties for this investigation are shown in Table 5.1.
However the author can only make tentative inferences on the reasons for any
differentiating behaviour due to the inevitable confounding that will occur between
these properties. Nevertheless, the author will seek to use the data available to deduce
which properties are of more importance to biodiesel behaviour within the boundaries
of the experimental conditions tested.
5.4.1 Results - 1500 r/min, 3.0 bar GIMEP Condition
This section discusses the results for the EGR sweep, emissions during the sweep and
when LTC is attained and heat release analysis. These topics are separated under
different headings.
5.4.1.1 EGR Sweep with MBT Timing
The injection strategy utilised for the EGR sweeps involved advancing injection timing
in order to attain ‘minimum advance for best indicated torque’ (MBT). This strategy
tends to be bound by maximum pressure rise rate (MPRR) limits, which for this series
of investigations was set to ≤ 1 MPa/ ◦ CA. It is important to note that MBT timing
leads to differences in SOI and CA50 when comparing different fuels. Accordingly,
any trends identified in these sweeps may or may not be artefacts of this disparity.
Smoke
The EGR sweep for the 3 bar condition is shown in Figures 5.9-5.12 for smoke, NOx,
GIMEP, HC and CO. Observations of the smoke behaviour reflects, to an extent the
conventional diesel (constant combustion phasing) tests. The smoke values for B0
and B15 appear to be identical whilst the values for B100 are noticeably less. B50
smoke values also generally follow the expected trend for increasing oxygen content.
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FIGURE 5.9: Variation of Smoke with intake oxygen concentration for 3 bar condition
during EGR sweep
FIGURE 5.10: Variation of NOx with intake oxygen concentration for 3 bar condition
during EGR sweep
It must be pointed out that due to the low load and relatively high injection pressure,
smoke production during the sweep was quite low. Intake oxygen concentration was
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FIGURE 5.11: Variation of GIMEP with intake oxygen concentration for 3 bar
condition during EGR sweep
FIGURE 5.12: Variation of CO and HC with intake oxygen concentration for 3 bar
condition during EGR sweep
not decreased further for this condition because the NOX was found to be within the
artificial boundaries defined for ‘LTC’ (20 ppm NOx and 1 FSN smoke).
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NOx
NOx emissions for the EGR sweep showed no particular advantage for any of the fuels
within the MBT strategy used. The sweep is plotted with a single line of best fit for
the B0 points. The other points are evenly distributed above and below this line which
suggests to the author that any fuel differentiating benefits during this sweep will fall
within variability limits. Conventional diesel tests did not show any advantage for any
of the fuels either. Zheng et al. [123] carried out a low load EGR sweep in the process
of investigating the benefits of biodiesel in LTC; it was found that the effect of two
different B100 biodiesel blends were increased and decreased NOx during the sweep. It
should be noted the NOx trend seen here is not only present for values normalised by
engine work but also present for raw NOx emissions (not shown here) in g/hr.
GIMEP Figure 5.11 shows a more robust GIMEP for B100 biodiesel as the decrease
in intake oxygen concentration inevitably begins to cause a deterioration in combustion
efficiency. The drop in GIMEP correlates with a corresponding rise in emissions of
HC and CO for the fuels. This suggests that the ability to ensure complete combustion
likely via fuel-oxygen proximity in the biodiesel fuel is the reason for this behaviour.
The similarities in combustion phasing parameters observed at the lowest oxygen
concentration (Figure 5.15 rules out cetane number as a cause for the observed trend.
However, fuel properties which contribute to a high cetane number rating may also
enhance combustion post-ignition.
HC and CO The emissions of HC and CO shown in Figure 5.12 show no particular
trend with increasing biodiesel content during the EGR sweep. The high combustion
efficiency at this condition (9˜8%) means that CO and HC are already very low. The
aim of this Chapter is to focus on the benefits or penalties increasing biodiesel content
incurs with respect to HC. An attempt will then be made to identify the specific
biodiesel properties which cause these effects for the LTC test conditions analysed in
the subsequent sections.
5.4.1.2 Low temperature heat release
Low temperature heat release behaviour is known to be an important feature in advanced
diesel combustion [41, 83, 121]. The unique conditions found in highly diluted PPCI;
reduced cylinder temperature and pressure, as well as an increasingly premixed charge,
ensure that there are more observable occurrences of a cool flame heat release on the
AHRR curve. Under conventional diesel environments, the AHRR curve does not show
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FIGURE 5.13: Effect of increasing biodiesel content on low temperature heat release
behaviour for 3 bar condition, Y O2 = 15 %
a distinct cool flame heat release profile because it is overcome by the rapid progression
to hot ignition by surrounding mixtures aided by the availability of high thermal energy
and oxygen concentration.
Cool flame reactions only occur within a given range of temperatures as described in
Chapter 2. The LTHR can be split (in most cases) into a cool flame heat release and
a negative temperature coefficient region (NTC). The NTC is the region whereby the
increasing temperature favours a decrease in the overall rate of reaction. It must be
noted that the observable presence of NTC only demarcates LTHR but does not serve to
confirm or disprove its occurrence. So in cases where the NTC region is not observed,
LTHR can still be very much observable.
The magnitude and duration of the LTHR is highly dependent on mixing conditions,
temperature and pressure [27]. LTHR has the potential to affect the high temperature
heat release behaviour via increased vaporisation, increased charge temperature and
change in reactant chemistry [122]. A variation in these parameters can lead to a change
in the phasing of the main, high temperature heat release and hence engine performance.
As such it is important to develop an understanding of LTHR characteristics based on
the fuel properties being varied in these experiments.
The first observation from Figure 5.13 is that the heat release traces show very similar
combustion phasing for the LTHR for all 4 fuels. For the conditions tested there
is little impact of fuel properties on LTHR phasing. This is further illustrated by
Figures 5.14 and 5.15 using terms; ‘DurL’, ‘DurF’, ‘DurP’ and ignition delay to
illustrate quantitatively the differences between the LTHR’s of each fuel.
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Figure 5.13 shows that B0 and B15 have a distinct cool flame and NTC region whereas
the B50 and B100 LTHR traces show little to no NTC. This implies that increased
biodiesel content tends to increase robustness to NTC and hence have LTHR less
sensitive to the effects of high EGR conditions. Peculiarly, the B50 seems to perform
better than the B100 with respect to this feature. It is believed that despite the
similarities in combustion phasing for constant SOI’s (CA50 falls between 2 and 3
degrees CA ATDC for all 4 fuels), the improvement in ignition quality brought about
by the increase in cetane number with biodiesel content is the main contributor to
this difference in LTHR behaviour. Looking at peak LTHR for each fuel (the point
of inflexion in the case of B50), it can be seen that B100 has the highest value, followed
by B50, then B15 and B10 respectively. Bunting et al. [124] also observe an increase in
peak LTHR with cetane number in HCCI but do not give a reason for this phenomenon.
It is believed that the oxygenated nature of biodiesel increases the number of local
mixtures which are able to take part in LTHR such that the heat release peak is higher
even with similar ignition delay times (ignition delay falls between 4 and 4.5 degrees
for all 4 fuels). This is despite the fact that with increase in biodiesel content comes a
decrease in volatility, hence an expected reduction in mixing efficacy compared to the
more volatile fuels.
The fact that combustion phasing parameters shown in Figure 5.15 are fairly constant
for all fuels implies that the biodiesel content either indirectly through LTHR
characteristics or directly through fuel properties, has not had a noticeable effect on
combustion phasing (for the constant SOI conditions given). It is thought that the
relatively high oxygen concentration, high temperatures and close to TDC injection
(SOI is -7.5◦ CA) combine to form conditions more akin to conventional combustion.
These conditions are robust enough to suppress any fuel effects of increasing biodiesel
content.
5.4.1.3 Emissions analysis for constant SOI, 15% YO2 LTC condition
For this condition, there seems to be an advantage to increasing biodiesel content as
the combustion efficiency rises (lower CO and HC) and output GIMEP is seen to be
higher especially for B50 and B100 (Figure 5.11). The heat release chart (Figure 5.16
and 5.17) shows that B100 has a higher peak heat release rate and diffusion control
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FIGURE 5.14: Effects of increasing
biodiesel content on LTC combustion
phasing and duration for 3 bar nominal
load condition (DurL: SoCI-CA5;
DurF: CA5-CA50; DurP: CA50-
CA90; comb dur: CA5-CA90)
FIGURE 5.15: Effects of increasing
biodiesel content on LTC combustion
phasing and duration for 3 bar nominal
load condition (IDL LTHR: Ignition
delay of low temperature heat release;
IDL MHR: Ignition delay of main heat
release
heat release than the other fuels. This suggests a greater premixed proportion and better
mixing conditions towards the latter parts of the heat release.
The increase in peak heat release rate for the neat biodiesel is thought to be due
to one of two property related effects. Firstly, the increased oxygen content in the
biodiesel aids mixing during the ignition delay so that there are more local mixture
zones which are within the ignitability limits at the point of high temperature heat
release. From the heat release curves, the injection duration for all fuels are the same
length, fuel rich zones need more time to mix with the cylinder charge and this is
where the advantage of having a lower effective equivalence ratio in the biodiesel
fuel may be of benefit. With increasing fuel oxygen content, the amount of fresh air
entrainment required to attain stoichiometric conditions decreases. As a result, for the
lower biodiesel content fuels there are fewer zones of ignitable air-fuel mixture created,
lowering premixed heat release. If this is the case then this mechanism must overcome
the expected slower physical ignition delay processes for the higher viscosity/lower
volatility biodiesel.
Another possible explanation can be put forward since it is known that long ignition
delays at low load LTC leads to increasing HC from over-lean sources [112]. Colban et
al. [22] illustrated the importance of reducing ignition delay at low loads in order to
reduce HC emissions due to overmixing. The increased oxygen content of the neat
biodiesel may serve to increase the over-leaning effect leading to higher HC emissions.
As the HC emissions data does not reflect this, it is postulated that the decreased
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volatility of the neat biodiesel reduces mixing efficacy during the ignition delay so
that there is a lower portion of the fuel that is over-lean. This portion may then
participate in the premixed heat release. However, heat release behaviour at 0% EGR
(Figure 5.20)reflects a pilot induced short ignition delay (2˜◦ CA) for the main injection.
This would effectively mean that the more volatile fuels will have better premixing
rates and hence higher premixed AHRR peak. As this is not the case, it is concluded
that the former explanation (linked to fuel bound oxygen) is the more likely reason for
the improved combustion behaviour of neat biodiesel for the 3 bar LTC condition.
FIGURE 5.16: Apparent heat release rate for 3 bar 15% YO2, SOI = -7.5 ◦ ATDC
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FIGURE 5.17: Mixing limited heat release for 3 bar 15% YO2, SOI = -7.5 ◦ ATDC
FIGURE 5.18: Bar chart showing hydrocarbon emissions for 3 bar nominal, 15%
condition, SOI = -7.5 ◦ ATDC
106
FIGURE 5.19: Bar chart showing carbon monoxide emissions for 3 bar nominal, 15%
YO2 condition, SOI = -7.5 ◦ ATDC
FIGURE 5.20: Apparent heat release rate for 3 bar 0% EGR, pilot = -7.5 ◦ ATDC, main
= -1.5 ◦ ATDC
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3 bar intra-cycle HC behaviour
As mentioned in the experimental methodology chapter, cycle-resolved hydrocarbons
were recorded using a Cambustion HFR-400 fast flame ionisation detector. This
information was acquired primarily to supplement pressure-derived data and cycle
averaged emissions hence providing extra viewpoint on the effects of biodiesel
properties on HC emissions. The fast-FID data is used to show any differences in
hydrocarbon sources (distributions) as the biodiesel content is increased. Preliminary
tests showed significant variability in HC emissions from the fFID. This is illustrated
in the Figure 5.21 for series of repeat tests performed on diffent days and different
times on the same day. It was therefore decided that the fFID traces be normalised
using the actual measured cycle averaged HC in ppm from the HORIBA MEXA
7100HEGR.
The 3 bar condition is displayed in Figure 5.22. As with the very similar heat
release rates and ignition delay it can be seen that the traces for the fFID are fairly
featureless. There seems to be equal contributions (concentration-wise) from the three
areas highlighted with no differentiation in HC distribution as fuel biodiesel content
is increased. This distribution is similar to that observed at the highest intake oxygen
concetration (0% EGR) suggesting that the minimal HC emissions at this condition
have not reached the critical level where it begins to accumulate in certain parts of the
cylinder.
5.4.2 Results - 1500 r/min 6.0 GIMEP Condition
This section discusses the results for the EGR sweep, emissions during the sweep when
LTC is attained and heat release analysis for the 6 bar (nominal) load condition.
5.4.2.1 EGR sweep with MBT timing
It can be seen from Figure 5.23 that B15 fuel gives a higher smoke output than the
rest of the fuels except at certain points where B0 overlaps. This is consistent with
observations made from the 3 bar condition and the preliminiary conventional diesel
tests which displayed no statistically significant differences between the fuels with
respect to smoke. B50 and B100 are generally less but at peak smoke conditions there
is no obvious trend.
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FIGURE 5.21: Demonstration of variability of fFID data for repeated 4.3 bar, 0 %
EGR tests.
It is not fully understood why there is no trend in the fuels especially where there
is significant smoke production and mixing controlled combustion. However, it was
mentioned previously that MBT timing requirements for each fuel led to differences in
SOI and CA50 timings during the sweep (although there was no significant differences
in ignition delay between the fuels as EGR was varied). In addition, low EGR%
conditions required pilot-main injections in order to attain reasonable combustion
phasing. The transition from pilot-main to single injection strategy as oxygen dilution
reduced excessive pressure rise rates were found to be highly fuel dependent (ignition
quality) and as a result is not consistent across the different tests. These disparities
in combustion parameters are believed to be significant enough to affect the delicate
balance between soot production and soot oxidation processes, confounding the
expected trend smoke emissions from oxygenated fuels.
NOx
NOx emissions (Figure 5.24) for the EGR sweep showed no particular advantage for
any of the fuels within the MBT strategy used. As with the 3 bar GIMEP condition, the
sweep is plotted with a single line of best fit for the B0 data points. The other points
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FIGURE 5.22: HC fFID traces shown for all four fuels at 3 bar, YO2= 15% condition
FIGURE 5.23: Variation of Smoke with intake oxygen concentration for 6 bar
condition during EGR sweep
are evenly distributed above and below this line which with no observable differences
in performance between the fuels during the sweep.
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FIGURE 5.24: Variation of NOx with intake oxygen concentration for 6 bar condition
during EGR sweep
FIGURE 5.25: Variation of HC and CO with intake oxygen concentration for 6 bar
condition during EGR sweep
GIMEP
Figure 5.26 shows that deterioration in GIMEP is similar for all fuels as the
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FIGURE 5.26: Variation of GIMEP with intake oxygen concentration for 6 bar
condition during EGR
EGR dilution is increased. Whereas at 3 bar, the increased biodiesel provided an
advantage in maintaining combustion efficiency, for this condition there is no observable
benefit. Indeed, at the lowest intake oxygen point, there appears to be better GIMEP
performance for the B0 standard diesel. More detailed analysis of LTC performance of
these fuels is carried out in subsequent sections.
HC and CO
The emissions of HC and CO shown in Figure 5.25 show no particular trend with
increasing biodiesel content during the EGR sweep. The HC emissions show that
the B100 is consistently worse than the other fuels when HC emissions begin to rise
noticeably, the B0 on the other is consistently lowest here with B15 and B50 falling in
between the two. During the EGR sweep at this condition, the CO emissions were
beyond of the measurement range of the analyser (5000 ppm), and hence are not
analysed here.
5.4.2.2 Low temperature heat release
Low temperature heat release for 6 bar GIMEP condition show the B50 and B100 pair
having a noticeably advanced heat release compared B0 and B15. Bunting et al. [124]
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FIGURE 5.27: Effect of increasing biodiesel content on low temperature heat release
behaviour for 6 bar condition, Y O2 = 9 %
observed advanced LTHR phasing with increased cetane number within the range 34
≤ CN ≤ 70 (this range encompasses the fuels used in this test). The low oxygen
concentration and early injection timing leads to in-cylinder conditions which are less
robust to the differences in the fuel properties. Ignition delay is extended from about
10◦CA at YO2= 21% to about 27 ◦CA at Y O2 = 9%. injection timing is earlier than for
typical conventional diesel (-30 ATDC) and global equivalence ratios are close to unity.
Heat release for the LTHR as a percentage of the peak HRR value is notably quite
low (∼5%). As a result it is not thought that the LTHR contributes much to HTHR
behaviour even though the phasing differences observed for LTHR are also observed
in HTHR (Figure 5.31). The bar chart in Figure 5.28 shows that the LTHR duration
gets shorter with increasing biodiesel content. This is a phenomenon also noted by
Ickes et al. [117] as the higher cetane fuels exhibit more readiness to proceed to high
temperature heat release.
Emissions Analysis for constant SOI, 9% YO2 LTC condition
Where combustion is predominantly mixing limited as in this 6 bar GIMEP condition
Figure 5.30 shows the oxygen ratio for each of the fuels and the corresponding error
accumulated in the equivalence ratio.
Oxygen Ratio The term ‘Oxygen ratio’ is used to describe the proximity of fuels to their
standard mixture stoichiometry [118]. It is introduced here as it is a more accurate
indicator of proximity to stoichiometry than ‘equivalence ratio’ or ‘oxygen equivalence
ratio’. The equivalence ratio gives an indication of stoichiometry by considering the
oxygen available in the oxidiser (which in most cases is fixed as fresh air with 2˜3%
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FIGURE 5.28: Effects of increasing
biodiesel content on LTC combustion
phasing and duration for 6 bar nominal
load condition (DurL: SoCI-CA5;
DurF: CA5-CA50; DurP: CA50-
CA90; comb dur: CA5-CA90)
FIGURE 5.29: Effects of increasing
biodiesel content on LTC combustion
phasing and duration for 6 bar nominal
load condition (IDL LTHR: Ignition
delay of low temperature heat release;
IDL MHR: Ignition delay of main heat
release)
FIGURE 5.30: Oxygen ratio for 6 bar 9% YO2 showing true proximity to stoichiometric
mixture compared to Oxygen equivalence ratio
oxygen by mass). The oxygen equivalence ratio further refines this by acknowledging
the presence of oxygen in recirculated exhaust gas as EGR becomes significant in
modern combustion engines and advanced modes like LTC. The oxygen recirculated
from a previous cycle is free to take part in combustion and must be accounted for when
estimating mixture stoichiometry.
Oxygen ratio takes a step further by accounting for the presence of fuel bound
oxygen. In oxygenated fuels, this shifts the effective equivalence ratio of the fuel-
oxidiser mixture towards a global leaner ratio compared to the aforementioned oxygen
equivalence ratio. This serves as a better basis for the improved sooting characteristics
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and combustion properties of oxygenated fuels (compared to their non-oxygenated
counterparts) under certain conditions. The oxygen ratio basically accounts for the
oxygen in the fuel that would be free to take part in combustion. The simplified equation
is given below:
Oxygen ratio=
A + B
C
(5.1)
where :
A = no. of moles of oxygen in the fuel
B = no. of moles of oxygen in the oxidiser
C = no. of moles of oxygen required for stoichiometric combustion
The figures can be used to indicate that despite the fact that B100 is closer to
stoichiometry, there are other mechanisms which seem to shift the balance towards
decreased fuel combustion efficiency. This could be cetane number or fuel volatility
effects.
The 6 bar GIMEP LTC condition used here has an equivalence ratio which close to
1 (Figure 5.30). As a result, mixing time has been shown in Chapter 4 to be of
paramount importance in reducing emissions of HC and CO. In these conditions, lean
mixtures would need to substantially fail to mix with the remainder of the charge for
HC emissions stemming from these regions to be significant. In effect, other sources
of HC become dominant, these include: wall quench layers, under-mixed regions in the
bulk gas and liquid films on piston top surfaces. Fuel is injected into relatively quiescent
conditions and has time to evaporate and mix with the limited oxygen in the cylinder
before the thermal energy rises to the point where ignition is inevitable. The length of
the ignition delay suggests likely wall wetting especially for the heavier fuels.
Figure 5.31 shows the heat release behaviour for all fuels at the LTC constant SOI
condition. Interestingly, despite the large differences in combustion phasing parameters
and mixing times, there is little difference in the GIMEP for all four fuels (Figure 5.29).
It is believed that the dissimilarity in combustion phasing may in and of itself lead to
differences in performance and emissions characteristics for each fuel.
Inspecting the beginning of the HTHR for all four fuels, the rise in heat release rate
has the steepest gradient for the B100. The gradient becomes more gradual as biodiesel
content is decreased. This phenomenon is noticed by Peterson et al. [114] and attributed
to the ignition quality of the fuel. Peterson observes the higher cetane number/ lower
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ignition delay leads to advanced combustion which perpetuates higher temperatures
due to compression. This increased temperatures, he intimates, help to activate leaner
mixtures into rapid combustion thereby increasing premixed mixture rates. However,
it is suggested that the oxygen content of the biodiesel likely contributes to both the
cetane number effects and increased premixed rates. This is supported by the very
similar start of HTHR points for B0 and B15 but the relative difference in rise in heat
release rates(Figure 5.31).
The advanced combustion timing is likely to have produced a more thermodynamically
efficient conversion of heat energy to useful work. Hence it is believed that for the
B0 fuels to do similar work with the same effective energy delivery and less efficient
heat release, then the combustion efficiency of the lower biodiesel content fuels must
be better. The trend for HC seems to support this although the differences are not
statistically significant. Figure 5.28 quantifies the heat release characteristics; DurF,
which encompasses the premixed heat release, is shortest for B100 and then gets longer
as biodiesel content is decreased. On the other hand, the trend for DurP is reversed for
the second half of the heat release where it is longest for the B100 and so on. Due to the
combustion rate during DurP, the combustion duration for the B100 fuel is actually the
longest. Based on the AHRR curve, it is thought that the mixing controlled heat release
for B100 consists of very low rate reactions which carry on until cylinder expansion
completely quenches combustion. The reasons for this are unknown but two theories
are postulated; (i) the rapid combustion of the bulk of the fuel by TDC has increased the
effective exhaust gas concentration in the cylinder rapidly so that diffusion controlled
combustion of the remaining unburned fuel is slowed, (ii) Fuel film condensation in the
piston bowl occurs to a larger degree as the biodiesel content increases due to the lower
temperatures and extended ignition delay, during the latter half of combustion some
of this fuel slowly evaporates and takes part in combustion even as expansion cooling
starts to occur.
6 bar intra-cycle HC behaviour
Figure 5.33 shows the cycle resolved HC distribution for all four fuels. As in the 3
bar condition, the curves have been normalised using the cycle averaged HC emissions
due to high variability in the output from the fFID. Separating the traces out makes
analysis simpler, Figures 5.34 to 5.36 show pairs of fuel HC results compared against
each other. The pair, B50 and B100 have exactly the same shape and features, except
that there is a step increase in HC with increased biodiesel content (like in B0 and B15).
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FIGURE 5.31: Apparent heat release rate for 6 bar nominal 9% YO2 condition, SOI =
-30 ◦ ATDC
FIGURE 5.32: HC emissions for 6 bar nominal, 9% YO2 condition, SOI = -30 ◦ ATDC
Without instantaneous mass flow rate data, it is not possible to evaluate the impact on
cycle averaged emissions of the HC concentrations from different parts of the cylinder.
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Nevertheless, it can be seen that the concentration in the bulk gas is less than that in the
head quench layer for B100. This could be because of the close to TDC combustion
leading to higher temperatures during the heat release in addition to the fuel bound
oxygen in a globally rich mixture helping to consume more of the bulk gas mixture than
in the other fuels. The decreased volatility of the B100 may also lead to less vaporised
fuel able to take part in the bulk gas combustion.
The step-wise rise in the emissions trace when comparing B100 and B0 is similar to that
observed by Colban et al. [125] for a LTC condition when intake oxygen concentration
is decreased from an already low value (9˜%). This suggests that the increased biodiesel
content has the same effects as reducing oxygen concentration which effectively reduces
reaction rates and in-cylinder temperatures hence narrowing the ignitability boundaries
for a given mixture distribution. Although it is known that the effective equivalence
ratio (oxygen ratio) is indeed closer to stoichiometric for the neat biodiesel, the rapid
premixed combustion coupled with the very slow diffusion limited consumption of the
remaining fuel may have the effect drastically reducing the oxygen concentration during
the latter part of combustion (as described earlier), contributing to this increase in HC.
There is a difference between the position of the 3rd FID signal peak between these
two fuels. Whilst B0 and B15 (Figure 5.34) have similar positions (but not magnitude),
the B50 and B100 pair have a slightly advanced position for the 3rd peak. According
to Thompson et al. [126] who used a spark ignited engine, this region represents the
scrolled up HC from the piston wall crevices and the wall quench areas. The early
injection and premixing which occurs for LTC ensures there are similarities between
fuel combustion in both SI and diesel LTC hence a similar HC formation behaviour is
possible. It is postulated that the piston wall crevice area HC is distributed differently
for the fuels– which may be due to the difference in heat release behaviour. The bulk
of combustion for B0 and B15 occurs after TDC whilst the opposite is true for B50
and B100. This occurrence may allow for reverse squish flow (post TDC) of largely
unburned fuel air mixtures into the squish area and cylinder wall (for B0 and B15)
whilst the reverse squish flow charge content will be significantly different for B50 and
B100.
Overall it is thought that the biodiesel effects on the rate of heat release is the main
factor in the emissions behaviour observed at this condition. It must be stressed that
the difference in HC emissions with fuel are not statistically significant but do show a
consistent rise with increased biodiesel.
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FIGURE 5.33: HC fFID traces shown for all four fuels at 6 bar, YO2= 9% condition
FIGURE 5.34: HC fFID traces shown for B0 and B15 at 6 bar, YO2= 9% condition
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FIGURE 5.35: HC fFID traces shown for B0 and 100, at 6 bar, YO2= 9% condition
FIGURE 5.36: HC fFID traces shown for B0 and B50, at 6 bar, YO2= 9% condition
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5.5 Chapter 5 conclusions
The purpose of this chapter was to gain insight into the effects of biodiesel on
Low Temperature Combustion. This has been performed by sequentially increasing
biodiesel content between standard diesel and neat B100 biodiesel. This has helped to
show gradual changes in combustion and emissions behaviour, as well as confirming
consistent trends in fuel effects. Based on the emissions and heat release data the
following conclusions have been drawn:
1. The influence of biodiesel content on LTC combustion, just like in conventional
diesel combustion, is highly dependent on specific engine conditions which may
induce benefits or penalties with respect to emissions and performance.
2. Nonetheless the main effects of biodiesel on combustion are in the shortened
ignition delay and increased rate of premixed combustion leading to an advanced
and increased peak heat release rate.
3. The effects of increased biodiesel on low temperature heat release at low load was
to increase the peak heat release in this region as well as reduce susceptibility to
NTC combustion. This is thought to be due to increased cetane number effects
known to promote rapid advancement to high temperature heat release. At the
higher load condition the low temperature heat release events for each fuel was
advanced according to fuel cetane number the magnitude of the energy release
was not thought to have any impact on the subsequent high temperature heat
release.
4. At the low load, moderate intake oxygen concentration condition, the impact of
fuel bound oxygen was discernible from the cetane number effect with an increase
in peak heat release rate and combustion efficiency despite the same ignition delay
and combustion phasing across all fuels.
5. At the moderate load, low intake oxygen concentration condition, the cetane
number effects lead to considerable differences in combustion phasing metrics
and heat release rate. These effects combined, for the condition tested, had little
difference on GIMEP and cycle-averaged emissions. However, cycle resolved
emissions showed notable changes with fuel differences as described in 6 below.
6. Cycle resolved hydrocarbon at lower concentration and increased load showed
differences in HC concentration distribution in the cylinder. These differences
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were linked to the cetane induced combustion behaviour of the various fuels.
Fuels where combustion started prior to TDC showed a later piston wall scroll-
up HC whilst fuels with post TDC combustion had an earlier peak– the effect is
thought to be due to the charge constituents during reverse squish flow.
7. Cycle resolved hydrocarbon emissions at the low load condition gave no insight
into differences with fuel biodiesel. There was an equal distribution of HC
concentrations (in ppm) in different parts of the cylinder identified from the chart.
5.5.1 Chapter 5 summary
The investigations carried out in this chapter attempted to identify potential benefit of
increasing biodiesel content on MC-LTC emissions and performance. It was found that
the effects were highly dependent on the engine condition and confounded by multiple
mechanisms directly related to the chemical and rheological properties of biodiesel.
The next chapter focusses on the improving premixing via in-cylinder motion (swirl).
This investigation supplements the prior two chapters which have provided insight
into methods of enhancing premixing efficacy and their consequent effects on overall
combustion performance.
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Chapter 6
Swirl in LTC
6.1 Introduction
Swirl can simply be understood as the rotation of the in-cylinder charge about the axis of
the combustion chamber [34]. The presence of substantial swirl motion in the cylinder is
brought about through the deliberate design of the engine intake system and combustion
chamber geometry.
FIGURE 6.1: Illustration of Swirl motion.
The main benefit of inducing swirl is to enhance fuel-air mixing in the cylinder beyond
that offered by a comparable quiescent system in order to optimise certain combustion
characteristics. Swirl generation represents a trade-off of pressure drop in the inlet
system for increased flow kinetic energy. Due to the inherent interactions between
multiple parameters in the design space of a combustion engine, the effects of swirl
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are largely influenced by the specific engine operating conditions they are applied to.
The commonly observed effects in CI engines are listed by Miles [28];
• Increased heat loss to cylinder walls.
• Increased airflow over walls for enhanced evaporation of wetted cylinder surfaces.
• Change in the in-cylinder flow field.
• Increased early air entrainment into fuel jet.
• Increased late cycle turbulence.
Induced swirl tends to be commonplace in small to medium sized DI diesel engines
which have to maintain mixing efficacy despite the decrease in number of injector
nozzle holes and absolute injection pressure compared to larger bore engines. Swirl
optimisation has been investigated for advanced diesel combustion strategies due to the
need for rapid premixing at highly dilute conditions. Modulated Kinetics (MK), a form
of late injection LTC utilises enhanced swirl to ensure rapid mixing and combustion of
fuel injected during the expansion stroke of the combustion cycle [67]. A study on the
effects of increased swirl on this particular LTC strategy showed that late cycle mixing
was enhanced regardless of engine load but this benefit had to be offset against the
increased heat loss and lower work conversion efficiency. The resulting optimised swirl
value promoted good premixing, desirable heat release characteristics and sustained
high soot oxidation rates later in the combustion event [127].
Kook et al. [45] studied the effects of swirl on CO in early-injection LTC and found an
optimal swirl ratio of 2.5 (range tested was 1.44 - 7.12) with CO markedly increasing
for any further increase in swirl. Here, the presence of CO was an indicator of
incomplete combustion. Numerical models employed in this study predict that swirl
vortices created as swirl is increased confine partially burned fuel within the bowl so
that even as early mixing is enhanced this is offset by poor utilisation of squish area
oxygen achieved at moderate swirl ratios. There was also a derived increase in heat loss
due to the increased swirl resulting in lower overall fuel conversion efficiency.
Opat et al. [94] also observe late cycle burn to be slower for the elevated swirl cases, and
attribute it to the same phenomenon described by Kook et al. [45] regarding confinement
of partially burned fuel within the bowl. However for late injection LTC as investigated
by Choi et al. [127] there is a reversal of the observed trend. The late cycle burn times
are now seen to decrease with increased swirl initially and then increase at the highest
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swirl ratios. Although behaviour is not explained, it is thought to be at least due in
part to the differences in flow structures and crank angle timing positions (for premixed
and mixing controlled burn) for late injection LTC compared to early injection LTC.
The effects on overall combustion efficiency are also discussed in these studies but the
direct effects of swirl on hydrocarbon emissions have not been extensively investigated
in literature. In addition to CO, hydrocarbon species form the bulk of ‘unburned’ gases
for a low smoke/low NOx LTC condition with poor combustion efficiency. The primary
objective of this study, is therefore to gain an understanding of the influence of swirl on
hydrocarbon emissions behaviour. It is anticipated that there will be significant changes
in the quantity and in-cylinder location of HC species which may help to supplement
the current knowledge on CO formation and overall combustion efficiency trends. In
addition, the potential of increased in-cylinder mixing to extend the boundaries of
acceptable LTC combustion (with respect to soot emissions) will be investigated. As
has been shown in Chapter 4, reducing EGR dilution directly increases combustion
efficiency but at the cost of increased smoke and a smaller operating envelope; if
swirl can be used to influence soot production and oxidation processes positively, this
could be beneficial in reducing the EGR requirement for acceptable NOx, Smoke and
combustion efficiency.
In summary, the effects of increased swirl on LTC have an associated cost
(reduced volumetric efficiency, increased equivalence ratio for constant load, increased
compression heat loss, ineffectual vortex structures for diffusion controlled combustion
have all been reported above) which, if not optimised, tends to outweigh its intended
benefits. The author will seek to understand how swirl variation affects the luminosity
(via borescope) in order to improve overall combustion and emissions performance in
LTC.
6.2 Steady flow bench and Characterising Swirl
Ratio
For the purposes of this investigation, swirl was varied by throttling the direct and
tangential ports of the engine intake manifold. It was important to establish a viable,
reproducible method of calibrating prescribed engine swirl flow structures. Therefore, a
standardised steady flow test procedure was performed to calculate the AVL swirl ratio
for a given intake manifold port configuration [128].
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The test involved fitting the engine cylinder head and intake manifold to a flow bench. A
constant pressure drop was maintained across the intake manifold and inlet valves into
a dummy cylinder which was machined to closely match the bore of the experimental
engine. A light paddle wheel was placed at the centreline of the bore a distance of
1.5 times the bore of the dummy cylinder. This ensured that a fully formed swirl
structure was in place before direct interaction with the paddle wheel. Figures 6.2 and
6.3 illustrate flow bench set-up.
The pressure drop across the cylinder head was set at 254 mm H2O in accordance
with standard procedure [129]. Measurements were recorded for each valve lift
position (initially in 2mm intervals and then refined to 0.5mm intervals for selected
port configurations).
FIGURE 6.2: Flow bench set-up showing engine head and intake manifold assembly.
The AVL mean swirl ratio [130] describes the entire movement of the cylinder charge
in a singular ratio based on the following assumptions:
1. The sum of moments of momentum during the intake process is equal to the
moment of momentum of the entire cylinder load;
2. Each moment of momentum can be characterised by the swirl ratio for one
particular valve lift;
3. Instantaneous piston speed is taken into account, but the compressibility of air is
neglected.
The equation for AVL mean swirl ratio is given by :
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FIGURE 6.3: Close-up of valve lift mechanism. M6 bolt rests on top of valve stem
hence one full rotation of bolt = 1 mm increase in valve lift.
RSA =
1
pi
pi∫
0
NSA
[
C(α)
Cm
]2
Gdα (6.1)
G=
1
8
× m˙×B2×Ω (6.2)
NSA =
equivalent vortex rotation
f ictitious engine speed
=
2×S×G
ρ×Q (6.3)
where RSA = AVL Swirl Ratio, Swirl number NSA= Stationary swirl number,C(α),Cm =
instantaneous and mean piston speed respectively, G = moment of momentum flux, B =
Bore, m˙= mass flow rate, Ω = paddle wheel angular velocity, S = Stroke, Q = volumetric
flow rate.
Swirl was found to vary from 1.5 to 3.5 based on the intake manifold configurations
tested. It must be stated that the purpose of this exercise was not to investigate the
validity of the calibration methods but rather to develop a simple repeatable method
to index the intake manifold influenced flow behaviour. Calibration results are briefly
summarised below.
• For all swirl valve positions there is an increase in NSA as the direct port flow
is gradually reduced in Figure 6.4. This supports the idea that the swirl port is
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designed to generate the bulk of the swirl motion whilst the direct port is relatively
quiescent.
• Following on from the above observation, the intake manifold configurations with
a closed swirl port throttle valve in Figure 6.5 show a drop in NSA as the swirl port
is gradually throttled. Although this behaviour is not uniform, it is postulated that
flow through the intake manifold is gradually being directed away from the swirl
inducing intake port towards the direct port. For the cases where the direct valve
is either almost closed or fully closed this trend is not observed. This behaviour is
not fully understood but is thought to be likely linked to the low flow rates at this
highly throttled condition. Due to the extreme flow restriction when both valves
are almost fully closed, these 2 experiments were not extended further (as these
points would be impractical in testing).
• The corresponding coefficients of flow have been plotted (Figures 6.6 & 6.7) for
the valve lift when the valve is fully open (8.5 mm). These graphs illustrate the
relationship between flow cross-sectional area and resultant volume flow rate for
each port. It also indirectly highlights the ‘lose-lose’ scenario whereby throttling
the swirl port results in lower swirl and lower volumetric efficiency.
• Figure 6.8 shows stationary swirl number variations with valve lift for 3 closed
swirl port conditions. Swirl behaviour observed here is due to the flow through
the direct port only. There is a drop in NSA at an intermediate valve lift and
then a subsequent rise as lift approaches its maximum value. The values of
swirl generated at these conditions are relatively low. This fact that the trend
is observed for 3 different conditions suggest that the underlying mechanism is
‘real’. Numerical simulations by Kawashima et al.[131] predict this for a similar
direct/swirl manifold configuration but do not provide any explanation for this.
• Figure 6.9 simply shows the relationship between experimental tests carried out
with 0.5mm increments in valve lift and those with 2mm increments. It can be
seen that the more coarse experiments give a higher value of for AVL swirl ratio.
The swirl values that have been selected for the LTC tests are the lowest, middle
and highest values recorded (0.76, 1.33 and 2.43 respectively) from the intake
manifold configurations shown in the graph. They have been recalibrated at the
finer valve lift increments to obtain a more accurate indexing of swirl behaviour.
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FIGURE 6.4: NSA vs Direct port valve
position
FIGURE 6.5: NSA vs Swirl port valve
position
FIGURE 6.6: Coefficient of flow vs
Direct port valve position
FIGURE 6.7: Coefficient of flow vs
Swirl port valve position
FIGURE 6.8: NSA vs Inlet valve lift FIGURE 6.9: AVL Swirl Ratio vs
Intake manifold configuration
6.3 Test Plan
A series of tests have been carried out to understand the impact of variations in
intake manifold induced swirl ratio on the combustion characteristics of known LTC
conditions. The range of swirl values is relatively small so is not expected to provide
a full picture of its effects on combustion. However it was anticipated that, a logical
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trend can be obtained which would serve to indicate the full potential of further swirl
variation on LTC. The test conditions investigated are shown in Table 6.1.
Engine Speed 1500 r/min
Nominal Load 3 bar GIMEP 6 bar GIMEP
Swirl Ratio 0.76, 1.33, 2.43
Fuelling 0.36 kg/hr 0.72 kg/hr
Fuel Pressure 900 bar
Injection Timing 7.5 CA BTDC 30 CA BTDC
Injection mode Single
Intake Pressure 120 kPa 150 kPa
Intake Oxygen mole fraction 15.5% 10%
TABLE 6.1: Operating Conditions for LTC tests
6.4 Results and Discussion
The first section includes an analysis of the effect of swirl on a single injection 3 bar
GIMEP condition. As the emissions mechanisms for low load LTC are well known,
any effects will provide a foundation for understanding how swirl can be used to
navigate a route to improved combustion efficiency. The subsequent sections contain
an examination of the effects of swirl on emissions at the 6 bar GIMEP condition.
This analysis should highlight the differences in emissions behaviour as well as insights
gained from soot natural luminosity enabled by optical measurements.
6.4.1 Condition I: 3 bar nominal (0.36 kg/hr), 15.5% YO2, SOI =
7.5 BTDC
This test condition was studied as part of the investigation into fuel oxygenation
effects in Chapter 5 and is known to give relatively high combustion efficiencies (97%)
and no real bias in the fFID signal for cycle resolved hydrocarbon sources. It was
hoped that swirl variation would stimulate combustion in such a way as to provide a
better understanding of the mechanism by which a more complete combustion can be
achieved.
Figure 6.10 shows minor differences in combustion phasing for this highly premixed
condition. The heat release is characterised (for all three swirl ratios) by a distinct
LTHR, a rapid combustion of the premixed portion of the charge followed by mixing
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FIGURE 6.10: Apparent Heat Release Rate at 3 bar condition for 3 swirl ratios
Swirl Ratio Pressure (bar) Trapped mass (g) Temperature (K) Density (kg/m3)
0.76 46.16 0.636 830 18.39
1.33 42.35 0.595 820 17.2
2.43 39.77 0.476 960 13.76
TABLE 6.2: Differences in cylinder properties at SOI for 3 swirl ratios
limited lower heat release as the cylinder begins to cool with expansion. There is a
minimal but consistent retardation in the combustion phasing with increasing swirl.
This retardation is reflected in the LTHR behaviour as well as HTHR. Peak LTHR is
the highest and most advanced for the reduced swirl ratio conditions. In line with this,
the ignition delay is also shortest at the lowest swirl setting; these effects are similar
to those expected with an increase oxygen dilution; increasing the overall length of
the combustion process. The similarity with EGR effect is likely due to the increase
in global equivalence ratio as volumetric efficiency decreases with increased swirl.
With respect to the effect on ignition delay, the reduced charge density as volumetric
efficiency drops may impact fuel spray break up process (penetration, entrainment,
mixing, vaporisation) during injection as well as attainable peak pressure. Naber and
Siebers [132] found that at elevated ambient density conditions, diesel jets exhibit
shorter penetration distances and greater dispersion angles, as a result of higher air
entrainment rates.
For this low load condition, the charge temperature at injection is highest for the
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elevated swirl condition due to the lower charge mass (Figure 6.11). This peculiar
behaviour remains even at the 6 bar condition (not shown) and it is thought that
the drop in charge mass allows for a greater mass averaged temperature at the high
swirl condition. Despite this, the ignition delay at the 3 bar condition increased with
increased swirl. Therefore, it is thought that the increased density at lower swirl has
a greater impact on ignition delay, spray breakup and evaporation than temperature
difference or swirl flow mixing effect. It can clearly be observed from the heat release
traces that the evaporation (negative heat release rate) begins first with the lower swirl
conditions. The LTHR timing is advanced and has the greatest magnitude for the lowest
swirl condition. These two phenomena combined suggest that the physical processes
(associated effectively preparing an ignitable mixture) occurring during ignition delay
at this condition favour low swirl.
FIGURE 6.11: In-cylinder pressure and calculated bulk gas temperature at 3 bar
condition for 3 swirl ratios.
Analysis of CA5-CA50 and CA70-CA90 (Figure 6.13) burn durations are expected
to give an indication of swirl effects on presumed premixed and mixing controlled
heat release stages respectively. It was found that the premixed heat release durations
(using CA5-CA50 as an indicator) and peak heat release rates were equal regardless
of swirl variation. It is possible that the corresponding differences in ignition delay
may contribute to this behaviour, giving slightly longer time for mixing to occur and
hence compensating for poor mixing efficacy at higher swirl. The late cycle burn time,
CA70-CA90, increased in length with increased swirl. This indicates increased swirl
ratio is having an adverse effect on the mixing limited processes driving consumption
of reactants in the latter stages of combustion.
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It is postulated that the high density conditions and its effect on premixing entrainment
mechanism have a greater impact than increased swirl flow at this condition.
Chemically, due to the relatively high intake oxygen concentration and low load, it
is thought that bulk mixing enhanced by increasing swirl may be less important than the
effect increased charge density (hence increased collisions per unit time) would have on
mixing rates. There are no observed effects of this retarded combustion on emissions
performance. Perhaps the high in-cylinder oxygen content ensures that any potential
dis-benefit is nullified. The smoke emissions at this condition are very low (FSN =
0.18, 0.14 and 0.16) and therefore, it is not thought that any differences are significant.
FIGURE 6.12: Smoke, HC and CO at
3 bar condition for 3 swirl ratios.
FIGURE 6.13: AHRR components at
3 bar condition for 3 swirl ratios
The HC and CO emissions show an increase from Rs = 0.76 to Rs = 1.33 but then a
subsequent drop as swirl is increased to Rs = 2.43. Although this behaviour occurs
for both CO and HC, the differences have little impact on the combustion efficiency
(all achieve a combustion efficiency of 97% ±0.03. As it was observed in chapter 5,
fFID emissions (Figure 6.14) do not show any real bias in distribution in the cylinder
between the 3 conditions. It is worth noting that raw HC emissions are in agreement
with the cycle average data. An increase in crevice area HC or bulk gas HC may have
supported claims made by [45] swirl induced separation of fuel rich and lean mixtures.
Based on the data available, it can only be said that late cycle burn rate is reduced with
increased swirl (in agreement with [45]) but the reasons for this behaviour can only be
hypothesized.
In summary the variation of swirl over the range chosen shows no significant effect
on combustion performance at this condition. Although there is a lengthening of the
combustion duration, smoke emissions are essentially the same and the effect on HC/CO
emissions are not considered significant.
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FIGURE 6.14: Average HC fFID traces at 3 bar condition for 3 swirl ratios
6.4.2 Condition II: 6 bar nominal (0.72kg/hr fuelling), 10% YO2,
SOI = 30 BTDC
This 6 bar nominal condition is an increased intake pressure version of the 6 bar nominal
that has been used in Chapter 4 and Chapter 5. The increased intake pressure(150kPa)
has been employed to allow for a more practicable equivalence ratio and improved
combustion efficiency. The combustion mechanism is still largely the same as the
baseline (long ignition delay, mixing limited, rich mixture sourced HC and CO 1.2 bar
intake pressure counterpart). This condition is characterised by a HTHR which occurs
around 10 degrees BTDC which means that there is a substantial amount of ignition
delay (about 17◦ CA) in comparison to condition I. Results are explained below:
FIGURE 6.15: Apparent Heat Release Rate at 6 bar condition for 3 swirl ratios
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The trends observed here with respect to the ignition delay, combustion phasing and
even peak heat release rate effects with swirl (Figure 6.15) differ markedly from those
at the 3 bar condition. The highest peak heat release rate is found to be at the highest
swirl condition. With an ignition delay period that hovers around 20◦CA, the highest
swirl condition exhibits an advanced LTHR and combustion phasing compared to the
lower 2 settings (Rs = 0.76 and Rs = 1.33) which have approximately the same phasing.
Some studies for both LTC [45] and conventional diesel combustion [28] have observed
swirl to enhance premixing efficacy, leading to increased premixed peak heat release
and advanced start of combustion. It is well known that the effects of swirl can be
influenced by factors such as combustion chamber geometry, operating condition, and
fuel injection strategy [133–135]. Whilst this improved premixing is not observed in
the condition I, the earlier injection timing and longer ignition delay at this condition
II, as well as the close to stoichiometry equivalence ratio seems to have provided the
ideal conditions to exploit increased swirl flow for enhanced premixing. This is despite
the fact the high swirl condition is globally richer due to lower volumetric efficiency at
constant fuelling. The reversal in premixing and heat release behaviour has not had the
expected effect on smoke and HC behaviour (Figure 6.16). Instead, despite improved
premixing, the smoke value is highest for the high swirl condition whilst there appears
to be a peak for the HC at the middle swirl condition.
Due to the earlier injection timings, the differences in charge density between different
swirl ratios (9.5 kg/m3, 8.2kg/m3, 7.9kg/m3 for Rs = 0.76, 1.33 and 2.43 respectively)
are not as large as those seen at the 3 bar load condition. The start of combustion and
premixed heat release performance also suggest that any impact of this is offset by other
competing mechanisms. At this equivalence ratio and extended delay, there is sufficient
mixing time after the end of injection for swirl enhanced bulk mixing of the fuel with in-
cylinder charge to become the dominant mixing mechanism when compared to density
induced increased entrainment during the injection.
Figure 6.16 shows there is an increase in HC emissions with swirl from Rs = 0.76 to
Rs = 1.33 but then a subsequent drop when the swirl is further increased to Rs = 2.46.
fFID HC signal (Figure 6.18) suggests that the difference in the HC emissions between
Rs = 0.76 and Rs = 1.33 is mainly due to a reduction in bulk gas HC at the lower swirl
condition. In other words, at elevated swirl (Rs = 1.33) there is an increase in unburned
hydrocarbons from mixtures within and above the bowl due to poor stoichiometry
leading to slow mixing limited combustion before quenching. The oxygen equivalence
ratio (∼ 0.8) at this condition indicates that even with thorough mixing and long ignition
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FIGURE 6.16: Smoke, HC and
oxygen equivalence ratio at 6 bar
condition for 3 swirl ratios.
FIGURE 6.17: AHRR components at
6 bar condition for 3 swirl ratios
delays it is highly unlikely that the bulk of HC and CO emissions would be sourced
from over-mixed regions of the charge. Increased engine out smoke emissions and
mixing controlled heat release behaviour in Figure 6.15 support this assertion. Others
have observed soot precursors generally forming in the bowl / central region at similar
conditions, with leaner mixtures being more prevalent in the squish area [11, 27].
Therefore it is likely that there is an increase in rich mixture pockets with increased
swirl leading to increased HC and smoke emissions. This could be due to increasingly
adverse equivalence ratios as most of the available oxygen is consumed during premixed
combustion. This effect is most severe for the highest swirl condition as, despite having
the same intake oxygen concentration, the absolute mass of oxygen in the cylinder at
intake was the lowest.
Interestingly this phenomenon has been observed on a few instances. Chapter 5 shows
the effect of increased biodiesel content (and oxygenation) at 6 bar GIMEP (1.2 Abs bar
boost) to be an improved premixing (premixed heat release and phasing) but longer late
cycle duration of mixing controlled heat release. Cong [9] found the same improved
premixing behaviour at the same load when EGR was decreased or injection pressure
increased. These parameter changes provide better premixing efficacy resulting in
higher peak rates of heat release but the ensuing drop in late cycle heat release rate.
This was not observed at lower loads. It appears that for a given set of conditions
(related to load and range of equivalence ratios) there seems a point at which improving
premixing may become detrimental to combustion and emissions. This may be due to
rich mixtures caused by high external EGR and in-cycle EGR(due to intermediates and
products from highly premixed burn proportion) diluting oxygen presence during the
mixing controlled burn.
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This could explain why CA70-90 (Figure 6.17) has a longer duration at increasing swirl
ratios. However at the highest swirl condition, there is a drop in HC (which is also
observed at condition I). This behaviour is not fully understood but its consistency
across two different test points suggests that the causal phenomenon is real. That it
happens at the same swirl ratio suggests that it may be linked to the commonly reported
swirl effect of restricting mixing controlled combustion by separating rich in bowl
mixtures from lean squish area mixtures. It is beyond the data available to prove or
disprove this mechanism. It is also possible that the increased smoke emissions at Rs
= 2.46 may act at least as a partial substitute for the HC emissions as well as reducing
detected HC via absorption of soluble organic fractions. It was not possible to record
the fFID signal at Rs = 2.46 condition due to the high exhaust smoke output which had
the potential to damage the HFR 400 fFID and corrupt results. CO emissions are not
shown here as exhaust CO for this condition is beyond the scale of the Horiba Mexa
7100 HEGR analyser.
FIGURE 6.18: Average HC fFID traces at 6 bar condition for 3 swirl ratios
The smoke FSN value in Figure 6.17 is effectively the same at the two lower swirl
ratios but rises noticeably at the highest swirl ratio. The first half of the burn duration,
CA5-CA50 (Figure 6.17) shows that the rate of premixed combustion is fastest at the
elevated swirl ratio with combustion durations of 4.5◦, 4◦ and 3◦ CA degrees as swirl
is increased. On the other hand, the CA70-CA90 burn times show a different trend
as mixing controlled, late cycle combustion becomes the slowest for the highest swirl
condition (14◦, 14.5◦ and 16◦CA with increasing swirl). Overall combustion duration
is highest with the high swirl condition and this may well be a reflection of the rapid
drop in combustion rate during mixing limited heat release after premixed combustion
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has used up a significant amount of the globally available oxygen (which is the lowest
at the highest swirl ratio). These heat release patterns are illustrated for both condition
I and condition II in Figures 6.19 and 6.20.
FIGURE 6.19: The variation in burn
duration with Swirl Ratio at 3 bar
FIGURE 6.20: The variation in burn
duration with Swirl Ratio at 6 bar
For both, late cycle burn duration increases at high swirl. Whilst premixed combustion
CA5-50 stays relatively the same for all three swirl values at the low load condition.
The extended delay and increased dilution have served to give the advantage to the
increased swirl ratio at the high load condition. Here premixed heat release is a lot
faster due to swirl induced improved premixing. CA50 - 70 behaviour is relatively
benign; it is believed that in both conditions this is where combustion transitions from
premixed to mixing control dominated combustion. As such there is a slight increase
in relative combustion duration for the highest swirl condition compare to the CA5-50
trends.
6.4.2.1 Natural Luminosity Imaging of 6 bar LTC Condition
The imaging of natural luminosity (NL) from the combustion chamber is used in
this investigation to supplement the emissions and heat release data with respect
to smoke emissions. Natural luminosity refers to the broadband radiation emitted
during the combustion process. This can be captured on camera and used to build
a picture of the effects of swirl on combustion behaviour. Natural luminosity arises
from both chemiluminescence and soot incandescence, however, the contribution
from soot has been shown to be 4-5 orders of magnitude higher than that from
chemiluminescence [136]. Although this observation was made during a conventional
diesel combustion study, it is unlikely that the generally lower soot production
in LTC would lead to a significant ‘noise’ contribution from chemiluminescence
radiation.
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Within a set of narrow combustion conditions, the instantaneous flux of NL, can serve
as an indicator of in-cylinder soot volumes. As pointed out by Mueller [137], signal
strength is a function of a series of important (and potentially confounding) factors such
as (i) chemiluminescence interference (ii) differences in adiabatic flame temperature
(iii) differences in-cylinder temperatures during image capture (iv) limitations of
detection system (v) Soot particle size, concentration and emissive properties (vi)
thickness of soot cloud. Moreover, because the field of view captured with the
borescope is significantly less than the complete area of the cylinder, there may be
issues arising from variability in cycle to cycle spatial distribution of luminous soot.
Therefore, assuming similar soot particle properties and optical thicknesses of radiating
soot clouds within the field of view, spatially integrated natural luminosity (SINL) will
be limited to providing a qualitative approximation of the presence of hot soot.
The NL signal was imaged through a borescope window and captured on a Prosilica
GC1380 camera as detailed in Chapter 3. Due to maximum acquisition rates of the
camera, only one image per cycle was captured. Each image sequence was therefore
generated by advancing the crank angle at which the image was captured after a given
time interval. This resulted in a sequence pieced together from a series of concurrent
engine cycles. In some cases, multiple images were captured at the same crank angle
and averaged to give a more composite indication of natural luminosity at that crank
angle.
Figure 6.21 is included to show the region of the combustion chamber which is being
imaged. Due to the absence of external lighting, natural luminosity imaging via a
small bore endoscope provides minimal indicators of in-cylinder location for reader
orientation. The grid and letters drawn on the piston are used to aid this. The CCD
camera was operated in a linear response regime during acquisition of all data presented
in Figures 6.23-6.25.
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FIGURE 6.21: Region of the piston bowl covered under the FOV of the 0◦ borescope.
Schematic of borescope field of view is also shown
FIGURE 6.22: Development of spatially-integrated direct luminosity signal for the 3
swirl ratios at 6 bar LTC condition. a.u = arbitrary units.
Figure 6.22 presents the spatially integrated natural luminosity calculated from the raw
images during the combustion process. The measured data are represented by the
markers only with the smooth lines included to help visualise the probable variation
of signal with crank angle. At Rs = 0.76, the swirl setting with the lowest smoke
FSN value, the SINL curve presents the lowest profile during combustion. It can be
seen that the signal plateaus at a relatively low value compared to the other two swirl
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ratios. The highest peak SINL value and highest smoke FSN are present at the highest
swirl ratio (Rs = 2.46). This is not a trend that is consistent at the Rs = 1.33 which has
effectively the same engine-out smoke number as Rs = 0.76 but has a markedly different
soot luminosity evolution in the cylinder. It is interesting to note that these peak SINL
values do not occur at the same crank angle phasing despite the relative similarities of
the heat release rate traces. Especially between the two lower swirl settings where heat
release rate traces are very similar (see figure 6.15). Peaks for the SINL values occur
at around -2◦CA for the two lower swirl values and 10◦CA. This may be the reason
why engine out smoke is so high; the presence of soot luminosity relatively late will
likely result in slow oxidation processes which are quenched by cylinder expansion late
in the combustion cycle. This supports the earlier postulation that improved premixing
has delayed the onset of adverse equivalence ratios for the high swirl setting. This late
cycle equivalence ratio which is expected to be the most adverse for the low volumetric
efficiency/high swirl condition leads to increasingly richer mixtures which are likely
sources of soot precursors.
The singular frames at each crank angle displayed in Figures 6.23-6.25 show the natural
luminosity based on images captured by the camera. It is observed that the Rs =
1.33 case is generally brighter than the Rs = 0.76 during the earlier angles and even
when there is significantly luminosity closer to TDC. For the Rs = 2.46 there is little
luminosity at the early angles, even less than the Rs = 0.76 case but when it does occur
its intensity is high and it covers the largest area of the field of view compared to
the other two conditions. These are singular images so the luminosity will not be a
direct match for the SINL chart but they give a visual indication of the in-cylinder soot
luminosity.
The presence of the double peak in the Rs = 2.46 SINL signal is a likely indication
of the concerns raised earlier about spatial distribution of soot luminosity within the
volume of interest covered by the borescope. Individual images at consecutive crank
angles showed large variation in luminosity values around the luminosity peaks for all
three experiments. It was decided that the image luminosity be averaged such that
each luminosity value was an average of four samples at the same CA. The fact that
this still persists is an indication of the level of variability in the images. It would be
not be prudent to make any strong declarations based on the SINL data but it adds
to the confidence to see that peak luminosities trend with FSN especially relatively
late in the cycle where the peak for Rs = 2.46 occurs, as it is unlikely that the soot
generated/represented here will be fully consumed before the exhaust stroke.
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FIGURE 6.23: Development of Natural Luminosity images for the 3 swirl ratios. for 6
bar LTC condition. 30 dB camera gain (1/3)
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FIGURE 6.24: Development of Natural Luminosity images for the 3 swirl ratios. for 6
bar LTC condition. 30 dB camera gain (2/3)
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FIGURE 6.25: Development of Natural Luminosity images for the 3 swirl ratios. for 6
bar LTC condition. 30 dB camera gain (3/3)
6.5 Chapter 6 conclusions
The purpose of this chapter was to explore the potential benefits of enhanced mixing via
variation in the induced swirl flow. This was in order to examine two major challenges
in Low Temperature Combustion; (i) the persistence of HC (and CO) at low and medium
load conditions , (ii) the relatively small operation envelope for acceptable LTC. Three
swirl ratio settings where achieved by throttling the intake manifold ‘direct’ and ‘swirl’
ports. It must be noted that the swirl ratios measured covered a limited range. As
in other investigations, a low and medium load condition was investigated thoroughly
for effects on emissions and combustion performance. They conclusions concerning
the general combustion behaviour at the two LTC conditions are summarized as
follows:
1. At the 3 bar GIMEP nominal load condition, there was no significant impact of
variation in swirl on overall combustion behaviour. There were slight differences
in combustion phasing and mixture preparation observed but the relatively high
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intake oxygen concentration at this condition provided sufficient robustness
against significant changes in emissions and combustion performance. There was
a relationship between swirl ratio and HC emission that persisted even at the 6
bar load condition but the differences observed at 3 bar were minimal- having
no impact on overall combustion efficiency. The HC relationship at 3 bar is also
mirrored by the CO relationship.
2. Smoke emissions are close to zero for the 3 bar load condition and show no
significant relationship with changes in swirl ratio. At 6 bar, smoke increases
significantly at the highest swirl ratio even as there is evidence of improved
premixing efficacy. Spatially integrated natural luminosity values support later
cycle evolution of soot for the increased swirl condition which persists as
combustion is quenched and in-cylinder oxygen content dwindles. Smoke
emissions do not change with respect to the two mid and low swirl ratios.
3. At 6 bar, HC increases and then decreases with swirl ratio. There is evidence of
increased rich mixture pockets late in the cycle as swirl is increased. fFID data
suggests that this is the source increased HC emissions. It is not fully understood
why HC decreases slightly at the highest swirl value but the continued increase in
smoke emissions suggests the persistence of these rich mixture pockets.
4. The presence of rich mixtures in the cylinder is postulated with reasonable
confidence. It is believed to be due to adverse equivalence ratios late in the
combustion cycle and / or the possible effect of swirl vortices preventing co-
location of over-mixed and under mixed mixtures in the cylinder.
5. Increased swirl is seen to have a significant impact on premixing efficacy at the 6
bar condition whereas this is reversed at 3 bar. It is believed that the conditions
at 6 bar (near stoichiometric equivalence ratios and extended ignition delay) are
conducive to being exploited by increased bulk mixing at higher swirl ratios.
However, late cycle combustion durations are consistently the longest for the
increased swirl ratio regardless of engine load. The impact of this on overall
combustion is also highly dependent on in-cylinder conditions.
6. It was hoped that swirl ratios could be optimised to improve mixing controlled
burn so that the narrow envelopes could be broadened to allow improved
combustion efficiency via reducing the EGR requirements for LTC. Although
swirl has been shown to improve mixture premixing, the associated ‘cost’ to late
combustion mixture combustion is believed to be counter-productive. Generating
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swirl in the cylinder without accruing such a loss in volumetric efficiency may
still offer these benefits.
6.5.1 Chapter 6 summary
The investigations and analysis in this chapter have shown the potential for swirl to
improve premixing as well as the complexities involved in ensuring a complete burn.
Swirl has been shown to be beneficial to premixing under certain conditions, but also
detrimental to late cycle burn rates. In a similar way to biodiesel content and fuel
metering strategies, there are benefits to be exploited but they are highly dependent
on the operating conditions which generally tend occur within volatile and narrow
envelopes in MC-LTC. The next chapter brings together the whole thesis conclusions,
pulling out themes which extend throughout as well as drawing up conclusions in
response to the questions raised in the introduction chapter.
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Chapter 7
Conclusions and further work
7.1 Introduction
These series of experimental studies have been carried out to test the initial hypothesis
set out at the onset of the thesis. This was the concept of inappropriately prepared
mixtures contributing significantly to poor combustion efficiency commonly associated
with LTC. Critical examination of this issue is important as poor combustion efficiency
and its resulting impact on fuel costs and CO2 emissions effectively renders LTC
impractical despite its benefits (engine out low smoke and NOX ).
While most of the promise of LTC is shown at very low loads, medium loads are a
more practical and realistic representation of day to day light duty operating conditions
which contribute significantly to unwanted PM and NOX emissions. It is at these
LTC conditions, where poor combustion efficiency appears inevitable in order to meet
emissions targets. The key here is to develop a better understanding of HC/CO evolution
with respect to engine control levers and the corresponding relationships with fuel
conversion efficiencies, NOX /PM limits and pressure rise rates both at the tipping point
of poor combustion efficiency (low loads, ηc ≤97%) and when it causes significant
dis-benefit (medium load, ηc ≤80%).
The author has identified a number of promising routes to stimulating improvements
in mixture quality prior to and during high temperature heat release in the cylinder.
The narrow stoichiometry for rapid combustion afforded by the low temperatures and
oxygen concentration in LTC provide a substantial constraint to positively influencing
combustion quality by applying methods common to conventional diesel combustion.
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One of the pathways explored involved reducing the EGR dilution requirement for LTC
and migrating further into the middle ground of Mixing-controlled low temperature
combustion, ‘MC-LTC’. This was achieved by exploiting the enhanced premixing
gained from splitting the injection event. This resulted in increased soot production
and oxidation but still achieved low exhaust smoke and a minor NOX penalty.
The focus of the investigations performed was placed primarily on Hydrocarbon
emissions. These are known to be products of incomplete fuel combustion and most
significant during medium load LTC. A series of LTC conditions were selected based
on background data from previous experimental work and literature in order to capture
known conditions which characteristically exhibit distinct HC emission mechanisms.
In addition to investigating how optimising a split fuel injection strategy affected
overall combustion and emissions performance, the effects of increasing biodiesel
content based on the potential to exploit the presence of fuel bound oxygen for
mixture preparation was also examined. It was hoped that, as well as improving
the understanding of the effects biodiesel properties on HC emissions, those of the
fuel-bound oxygen could be isolated in order to shed light on mixture inefficiencies
present in current LTC strategies. A final investigation was performed looking at the
bulk mixing and increased entrainment expected with increase in in-cylinder swirl.
As with the other investigations, the main aim was to understand the mechanisms
through which these singular but interdependent factors affected HC performance in
LTC conditions.
This concluding chapter gives a summary of the individual pieces of work carried out,
highlighting the common themes which link them with the aims of the thesis as well as
how the individual conclusions contribute to answering the initial research questions.
The wisdom gained from the investigations then be discussed briefly within the context
of LTC research and the contributions to the body of knowledge.
7.2 Discussion of overall results
The investigations carried out to improve LTC in order to achieve low engine-out
emissions has resulted in improved understanding of the in-cylinder phenomena and
its effects on emissions. It has indeed been shown that the poor combustion efficiency
(and resulting HC emission) is at least in part due to insufficient mixture preparation.
This study has shown the complexity involved in improving in combustion without
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significantly changing combustion chamber geometry or extending available parameters
beyond realistic limits. With regards to understanding HC emissions, the author has
presented evidence which shows that HC emissions do not always correlate with
CO emissions. CO was shown in Chapter 4 to vary significantly within a narrow
band of oxygen concentrations (±0.5%) while HC stayed relatively constant. On
the other hand, certain conditions have been shown to affect HC and CO emissions
simultaneously. Highly dilute medium load conditions with richer local equivalence
ratios due to retarded injection timing (Chapter 4) or poor volumetric efficiencies
(Chapter 6) demonstrate correlating HC and CO trends. This discovery supports
the initial objective set out at the start to develop knowledge of HC development
in LTC in order to supplement CO understanding in literature. At medium load,
there is the requirement to increase mixing time in order to ensure a reduced the
proportion of undermixed regions in the charge. Medium load conditions are typically
characterised by higher equivalence ratios such that premixing efficacy becomes a
priority. Therefore advancing the injection whether single or split is beneficial so
long as the impact on over-advanced phasing and wall wetting is limited. There was
potential shown at increased swirl ratios whereby the premixing efficacy was improved
significantly even with a shortening of the ignition delay. In attaining this, it was
almost inevitable that some of the charge ended overmixing beyond ignitable limits
with efforts to correct this in turn increasing the undermixed portion (and vice versa).
Mixing controlled LTC especially at reduced EGR conditions attempts to solve this
by imitating conventional diesel combustion. Essentially the reduced ignition delay
(enabled by higher temperature and higher oxygen concentration) ensures that the
equivalence ratio distribution goes from broadband rich mixture (resulting in increased
soot production rates) to a narrow band near stoichiometric mixture as increased mixing
late in the cycle increases oxidation rates in order to achieve low engine out emissions.
The cycle resolved HC data provided valuable data to aid the understanding of HC
development and sources with the combustion chamber. Although, the large variability
in the data illustrated in Chapter 5 reduced the confidence in the absolute values of
ppm detected, relative distributions of the HC sources proved consistent. Fast FID
data was used to help show that increasingly poor stoichiometric mixtures in the bulk
gas were to responsible for the increased HC emissions at elevated swirl. This added
to the knowledge that increased swirl, whether through lower volumetric efficiency or
poor co-location of reactants, has the potential to become detrimental to combustion
performance. Interestingly this phenomenon has been observed on a few instances.
Chapter 5 shows the effect of increased biodiesel content (and oxygenation) at 6 bar
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(1.2 bar boost) to be an improved premixing (premixed heat release and phasing) but
longer late cycle duration of mixing controlled heat release. Cong [9] found the same
improved premixing behaviour at the same load when EGR was decreased or injection
pressure increased. It is postulated that for a given set of conditions (related to load
and range of equivalence ratios) there seems a point at which improving premixing may
become detrimental as the proportion of ‘product’ species diluting in-cylinder oxygen
increases rapidly during heat release. It was also discovered that fuel bound oxygen is a
more effective ‘premixer’ at low loads and short ignition delays which require ‘micro’
level collisions and proximity between fuel and oxygen. However, at medium loads,
high equivalence ratios and ignition delays bulk mixing triggered by high swirl ratios is
more effective for improved premixing. The use of the term, ‘oxygen ratio’ along with
intake oxygen concentration, has helped to provide a better picture of mixture states
with regards to fuel and oxidiser ratios over more commonly used parameters such as
EGR% and equivalence ratio.
7.3 Major conclusions
This research has studied in detail the use of high levels of EGR to enable diesel engines
to operate under low temperature combustion conditions to suppress both in-cylinder
NOX and soot formation, enabling very low engine-out emissions of these pollutants.
The following are the major conclusions from the research presented for each of the
different strategies investigated in this work to improve the viability of high-EGR LTC
operation.
1. Optimising multiple injection events in LTC has allowed the reduction in EGR
requirement for combustion and increased combustion efficiency. However, it
has also highlighted the narrow operating envelope of acceptable combustion
at these conditions due to the delicate balance between various parameters.
Essentially this has shown that LTC-like emissions can be achieved but there is
less robustness to changes in interdependent factors when achieving this at a lower
EGR (i.e. low soot, NOX , pressure rise rates, HC and CO).
2. This research has also highlighted the requirement for repeatable, robust test
conditions in order improve confidence limits and variability which affect the
predictive accuracy of the model. The use of Design Expert, DX-8 has enabled
the statistical analysis of different test points on an even basis despite the high
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combustion sensitivity at very low intake oxygen conditions. Essentially, the error
associated with small variations in intake oxygen at the highly dilute conditions
have been modelled effectively so that output parameters can be compared for a
fixed intake oxygen value.
3. There are multiple effects of Biodiesel on LTC. Although the main aim was
to understand the effects on fuel oxygenation on HC emissions, it was found
that, as in conventional diesel combustion, the differentiating properties of the
biodiesel fuels become influential in conditions that exploit their characteristics.
Cetane number, fuel-bound oxygen and fuel volatility are the main factors found.
Observations have shown that at low load condition there is an advantage to
increasing biodiesel content in improving combustion efficiency while at medium
load there is an increase in HC emissions with biodiesel content despite the
measurable improvement in premixing efficacy.
4. At medium load conditions, the HC emissions increase and then decrease as swirl
ratio is increased further. This is also observed at the low load condition and
points to an optimal swirl ratio with respect to HC emissions. There is evidence
of increased rich mixture pockets late in the cycle as swirl is increased. Natural
luminosity images support this idea whilst cycle-resolved HC data indicate that
this is the source of increased HC emissions. It is not fully understood why HC
decreases slightly at the highest swirl value but the continued increase in smoke
emissions provides evidence to support the hypothesis of continued persistence
of these rich mixture pockets as swirl is increased.
5. Increased swirl is seen to have a significant impact on premixing efficacy at
the 6 bar GIMEP condition whereas this is not the case 3 bar GIMEP. It is
believed that the conditions at 6 bar GIMEP (near stoichiometric equivalence
ratios and extended ignition delay) are conducive to being exploited by increased
bulk mixing at higher swirl ratios. However, late cycle combustion durations are
consistently the longest for the increased swirl ratio regardless of engine load.
The impact of this on overall combustion is also highly dependent on in-cylinder
conditions.
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7.4 Recommendations for future work
In the research reported in this thesis, an exploration of a series of methods for
enhancing mixture qualities was carried out. This was in order to answer the research
question on insufficiently mixed charge in LTC. Improved understanding of the mixing
mechanics have been achieved, with improvements in HC and CO. However, these
improvements generally came at the cost of an increase in NOX or pressure rise rates. In
other cases, enhanced mixing was found to lead to increased HC emissions even though
premixing was not overdone with respect to over-mixed mixtures. Following on from
the detailed discussion and conclusions, it is believed that further experiments will help
to provide greater insights into combustion efficiency improvements in LTC.
It has been discussed that improved premixing efficacy (as indicated by premixed
heat release rate) after a certain point starts to correlate with increased hydrocarbon
emissions. A study looking at CO evolution (using a fast CO analyser) will add much
needed information as the mixture characteristics during the entirety of the heat release.
In addition, increasing the intake boost for a constant oxygen concentration will give an
indication as to the dependence of this phenomena on global equivalence ratio.
It is known that for split injections, when optimised so that the second injection
coincides with the cool flame reaction of the first, can benefit from accelerated
evaporation and mixing. An optical study designed to observe this mechanism
would provide valuable insight to both the physical and chemical aspects of mixture
preparation under these conditions. It would also provide evidence to support or
disprove this hypothesis. Knowledge gained may be useful in designing conditions
in-cylinder which promote enhanced mixing delicate LTC conditions.
The majority of research into LTC has begun with a standard diesel engine geometry
which has been developed over time to best suit the requirements of conventional
diesel combustion. With regards to insufficiently prepared mixtures, perhaps designing
a combustion chamber and injection system primarily for LTC condition (which is
adapted via engine calibration for conventional diesel combustion) would help to deliver
the full potential of LTC in both performance and emissions.
In order to accurately define the impact of fuel oxygenation on mixture quality and
combustion behaviour, a series of experiments should be carried out where all other
significant factors (including fuel properties) are held constant and oxygen content
alone is varied. This would provide proof of the role of fuel oxygenation without the
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confounding influence of covariate fuel chemical or rheological properties. Further
study of swirl which covers a larger range of swirl ratios would provide more
information on the relationship between swirl and engine performance parameters.
Combining this with a Design of Experiments model which includes fuel injection
parameters and load would create a model which has the potential to locate
beneficial swirl-fuel parameter interactions that would not only yield further efficiency
improvements but also provide further insights into the mechanisms required to achieve
them.
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Appendix A: Engine Instrumentation
and Emissions Measurement
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TABLE A.1: Standard engine instrumentation used in all experiments
Equipment Measurement Range Resolution Stated
Accuracy
Manufacturer
AVL 733 Dynamic
Fuel Meter
Fuel flow rate 0-125 kg/h 0.01 kg/h 0.12% AVL
Air flow meter Air mass flow 10-140 kg/h 0.1 kg/h 5% Cole-Parmer
AVL 364C angle
encoder
Crank shaft
angle
360 - 7200
pulse/rev
0.05 ◦CA AVL
AVL QC34C Cylinder
Pressure
0 - 250 bar 19.54 pC/bar 0± 0.2% AVL
KISTLER 4045A5 Absolute
pressure
0 - 5 bar 100 mv/bar 0± 0.3% KISTLER
Omegadyne
PX219-060G10V,
PX219-060GI
transducers
Gauge pressure 0 - 4.1 0± 0.5% Omega
AVL SL31D-2000
High Pressure
Transducer
Fuel pipe
pressure
0-2000 bar 4.5 x 103
mV/V/MPa
± 0.5 AVL
K-type Thermal
couple
Temperature 0-899 ◦C 0.1 ◦C Omega
RTD Temperature -30 - 350 ◦
C
0.1 ◦ C Omega
DAQ Chasssis
cDAQ9172
Modular
Chassis
National
Instruments
NI 9211 National
Instruments
NI 9217 RTD National
Instruments
NI 9215 High speed
Voltage
± 10V National
Instruments
NI 9205 Voltage ± 10V National
Instruments
NI 9208 Current 4-15 mA National
Instruments
NI 9401 Digital IO National
Instruments
FS full scale; RS - reading scale
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TABLE A.2: Details of Emissions measurement equipment
Equipment Measurement Range Resolution Stated
Accuracy
Operating
Condition
AVL 415 Smoke
Meter
Filter Smoke
Number
0-10 FSN 0.01 FSN ±3% of
measurement
value
-100 to 400
mbar abs; T ≤
600◦C
Horiba MEXA
7100 HEGR
NOX 0-10∼ 500,
1k ∼ 10k
ppm
≤ 2.0% FS σ ≤
±0.5%
FS
0.5 L/min
Horiba MEXA
7100 HEGR
CO2 0-0.5 ∼ 20
vol%
≤ 1.0% FS min(σ ≤
±1.0FS%,σ
≤
±2.0RS%)
0 to 30kPa abs.
pressure for
normal lines,
-66.7 to 0 kPa
for EGR line; 2
L/min
Horiba MEXA
7100 HEGR
CO 0-50 ∼ 5k
ppm
≤ ± 0.5%
FS
min(σ ≤
±1.0FS%,σ
≤
±2.0RS%)
3 L/min
Horiba MEXA
7100 HEGR
HC 0-10 ∼
500,0-1k ∼
50k ppmC1
≤ 1.0% FS σ ≤
±0.5%
FS
0.5 L/min
113◦C or
191◦C
Horiba MEXA
7100 HEGR
O2 0 - 1 - 25
vol%
≤ 1.0% FS
(O2 ≥ 5
vol%) ≤
2.0% FS (O2
≤ 5 vol%),
σ ≤
±0.5%
FS
0.7 L/min
Horiba MEXA
584L
CO 0-10 vol% 0.01 vol% ± 0.01
vol% or
1.7RS%
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Tables B.1 and B.2 display results for each test run from the Central Composite Design.
As mentioned previously, the soot behaviour as measured through the smoke meter
(FSN) gives some relatively high values at given test conditions. This is despite
the reduced intake oxygen which is expected to reduce combustion temperatures and
suppress soot production. Individual heat release curves (not included in report) show
that the increase in Soot is due mainly to bulk quenching of soot oxidation processes for
combustion events which are retarded too far into the exhaust stroke. of the Soot formed
earlier. For the cases of high smoke values, it is was found that the second injection
event occurred after ignition resulting in high Soot production which when combined
with the limited scope for Soot oxidation resulted in high Soot emissions.
TABLE B.1: Central Composite design test run results (1500 r/min, 16 mg/cycle)
Run R SOIC1 Dwell O2 EGR NOx (g/kg of fuel) FSN HC (g/kg of fuel) CO (g/kg of fuel)
1 0.4 -30 27 8.99 64.82 0.33 0.85 164.66 645.25
2 0.5 -36 21 8.51 62.46 0.20 0.07 66.73 436.32
3 0.6 -30 15 8.61 61.77 0.22 1.48 84.25 540.80
4 0.6 -30 27 8.61 62.62 0.42 1.33 138.35 565.57
5 0.4 -42 15 8.58 62.05 0.28 0.25 65.01 456.58
6 0.5 -36 21 8.45 62.69 0.22 0.22 71.32 450.78
7 0.6 -42 15 8.52 62.20 0.24 0.06 61.29 294.15
8 0.5 -36 21 8.24 63.97 0.15 0.10 75.04 485.58
9 0.4 -30 15 8.46 63.50 0.29 0.61 77.47 577.87
10 0.6 -42 27 8.61 62.45 0.19 0.03 60.17 317.21
11 0.4 -42 27 8.67 62.84 0.28 0.20 82.61 563.22
12 0.5 -36 21 8.39 63.18 0.24 0.13 78.43 517.86
13 0.5 -36 21 8.43 63.48 0.28 0.04 73.42 555.82
14 0.5 -24 21 8.61 64.55 0.43 2.16 148.24 497.54
15 0.5 -36 9 8.67 61.47 0.28 0.26 71.75 472.67
16 0.5 -36 33 9.02 64.24 0.28 0.60 135.30 537.07
17 0.8 -36 21 8.85 61.05 0.31 0.14 73.75 314.12
18 0.5 -48 21 8.44 62.63 0.32 0.07 66.87 509.50
19 0.2 -36 21 8.73 62.48 0.35 0.75 77.00 662.93
20 0.5 -36 21 8.95 60.48 0.43 0.27 69.52 376.94
The CCD technique uses a multi-dimensional 2nd order polynomial. An example is
shown below:
Dur= 26.83−0.27A+0.26B+0.17C+0.37D−17.60AD+9.80BD−8.51CD−10.65B2+4.20C2
(B.1)
Where A, B, C and D represent factors injection ratio, injection dwell, SOIC1 and intake
oxygen concentration.
It is important to point out that the models are generated based on ANOVA carried out
by the statistical software used (Design Expert) which includes calculation of terms
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TABLE B.2: Central Composite design test run results (1500 r/min, 16 mg/cycle)
Run R SOIC1 SOIC2 O2 NOx (g/kg of fuel) FSN HC (g/kg of fuel) CO (g/kg of fuel)
1 0.5 -36 -12 11.74 0.79 3 31.8 114.3
2 0.4 -30 -15 11.91 1.6 4.3 23.13 161.6
3 0.4 -42 -9 12.26 1.99 4.7 28.21 115.14
4 0.6 -30 -15 11.74 3.12 3.8 25.95 127.12
5 0.6 -42 -15 12.05 2.23 0.41 47.62 66.80
6 0.5 -36 -12 11.98 1.18 2.82 28.71 78.92
7 0.6 -30 -9 11.75 2.62 5.14 19.26 141.27
8 0.4 -42 -15 11.81 1.68 1.96 27.85 117.55
9 0.5 -36 -12 12.23 1.25 2.63 32.76 77.69
10 0.4 -30 -9 11.92 3.60 6.32 17.27 98.53
11 0.6 -42 -9 11.91 5.10 3.95 40.58 106.39
12 0.5 -36 -12 11.79 1.34 2.91 33.18 102.25
13 0.5 -36 -18 11.61 0.78 1.93 50.6 103.77
14 0.5 -36 -6 11.87 1.33 5.8 52.56 193.96
15 0.5 -36 -12 12.18 1.62 1.86 33.44 59.29
16 0.5 -24 -12 12.48 2.41 2.50 17.96 109.68
17 0.5 -48 -12 11.64 1.11 2.09 41.64 75.41
18 0.5 -36 -12 12.40 5.34 2.51 33.26 52.79
19 0.5 -36 -12 12.29 1.19 2.09 33.46 67.2
20 0.5 -36 -12 12.32 1.92 2.02 31.81 53.68
21 0.8 -36 -12 12.32 1.77 1.56 52.89 83.92
22 0.2 -36 -12 11.49 2.59 4.93 19.00 139.93
such as PRESS, Adjusted and Predicted R-Squared. These terms give an indication of
how well a model fits the data point for each potential model selected (linear, quadratic,
2 factor interaction, cubic etc.).
PRESS : PRESS looks at the lack of fit which occurs when a single data point is removed
and the model is redefined. The coefficients for the model are calculated without the first
design point. This model is used to predict the first point and then the new residual is
calculated for this point. This is done for each data point and then the squared residuals
are summed.
Adjusted R Squared: Adjusted R-squared represents the amount of variation that can be
explained by the model. This is the R-squared value after adjusting for the number of
terms in the model relative to the number of design points.
Predicted R Squared: Calculated from the PRESS statistic, this represents the amount
of variation in new data explained by the model. A negative Predicted R-squared means
that the overall mean is a better predictor than this model.
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